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An 800/368 h.p., 250/115 r.p.m., 11000 volt, 
pipe-ventilated, N-S variable-speed a.c. motor 
—one of many large machines supplied for 
chemical works. 


Thousands 
of L.S.E. motors 


serve the 
chemical 

and allied 
industries 


One of two 350/120 h.p., 585/200 r.p.m. N-S variable-speed a.c, motors with automatic control, 
driving gas compressors at Coryton Oil Refinery. Closed-air-circuit-type, pressurized from a 
source of filtered air. (Photograph reproduced by courtesy of the Mobil Oil Company Ltd.) 
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NORWICH (NOR 85A), MANCHESTER, LONDON AND BRANCHES 
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VAST 


TECHNICAL EXPERIENCE 


We have been in the porcelain business for over ninety years, and for much 
of that time have been specialising in making insulators. 

A vast fund of knowledge and experience now lies behind every item our 
factories produce. Continuing research and development daily increase the 
value of this background. 


PRODUCTION POTENTIAL 


Three large factories, equipped with modern machinery and staffed by true 
craftsmen in the art of the potter, together provide enormous production 
potential, capable of dealing with the most difficult problems of porcelain 
insulation. 


RANGE 


The range of porcelain insulators we can supply is exactly as wide as the 
demand, ranging from tiny, intricate die made products to the insulators 
required for transmission lines of the highest voltage in use today—or 
contemplated. 


TAYLOR TUNNICLIFF 
PORCELAIN INSULATORS 


POSITIVE PROOF ALL OVER THE WORLD 


TAYLOR TUNNICLIFF & CO., LTD 


Head Office g EASTWOOD, HANLEY, STOKE-ON-TRENT. Tel: Stoke-on-Trent 25272/5 
London Office: 125 HIGH HOLBORN, LONDON, W.C.1. Tel: HOLBORN 1951-2 
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Another good reason for choosing 


SEMICONDUCTOR 
POWER RECTIFIERS 


OVERALL EFFICIENCY% 
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Semiconductor rectifiers give a bonus in efficiency over other 
forms of power conversion equipment. The curves show clearly 
comparative efficiencies of germanium, silicon, mechanical 
contact, and mercury-arc rectifiers. 


The high quality of AEI semiconductor power rectifiers is 
the result of original research, intensive development, and 
wide experience of application. Their efficiency in service 
is matched by outstanding dependability. 


Write for further information and technical advice to 
Power Rectifier Sales, Rugby. 


ASSOCIATED ELECTRICAL INDUSTRIES LIMITED 


HEAVY PLANT DIVISION ; RUGBY AND MANCHESTER, ENGLAND 
AS506 
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FOR THE ELECTRICAL INDUSTRY 


Retubing a main condenser 
with thirty-five tons of SERCK 
Aluminium Brass condenser 
tubes at Deptford West 
Power Station. 


Photo by courtesy of the Central Elec: @ Transformer Oil Coolers (Air and 
tricity Authority. 


water cooled) 
@ Air to Air Coolers for Transformers 


@ Water Cooled Air Coolers for 
Alternators and Motors 


@® Hydrogen Coolers for Alternators 
® Air to Air Coolers for Motors 

@® Valve Coolers 

® NON-FERROUS CONDENSER 
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Research for Perfecti on 


The Reyrolle Research Station 
used for the short-circuit proving 
and development-testing of their switchgear 


All Reyrolle products are backed by 


highly organised research and development 
facilities to ensure the excellence of 


performance for which they are noted 


Specialists in the 
manufacture of : 


AIR-BLAST SWITCHGEAR 
SMALL-OIL-VOLUME SWITCHGEAR 
METALCLAD SWITCHGEAR 
AIR-BREAK SWITCHGEAR 
FLAMEPROOF SWITCHGEAR 
DISTRIBUTION SWITCHGEAR 
CONTROL EQUIPMENT 
PROTECTIVE GEAR 
ARC-WELDING EQUIPMENT 


Reyrolle 


A.C. COMMUTATOR MOTORS 
ELECTRICAL ACCESSORIES 


A. REYROLLE & CO. LTD - HEBBURN - COUNTY DURHAM - ENGLAND 
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PRODUCTION 


G.E.C. original processes 


now achieve 
QUALITY: QUANTITY - QUICKLY 


3Q production—quality, 
quantity — quickly! That’s the 
ideal production combination 
for semiconductors we’ve now 
achieved with G.H.C. origina- 


ted manufacturing processes. 
G.E.C. was first with Cold-Welding research 
For a long time it was no secret that soft metals could 
cesses have so revolutionised be pressure-welded, but it was G.E.C. research that finally . 

led to the use of cold-welding as a commercial process. 
our production that you can be The G.E.C. process of surface cleaning by 
scratch-brushing or etching and pressing between 
carefully designed dies now produces the type of weld 
thatis perfectly suited to semiconductor manufacture. 
A G.E.C. cold-welded copper envelope has 
them! We offer you the widest complete metal-to-metal uniformity, excellent 

| electrical conductivity and thermal properties. The 

range in the country — at really process does not involve the application of heat or fluxes 
which could damage or contaminate the device. 
It is a measure of the quality of G.E.C. 
research that the techniques evolved from it are 
now in use throughout the world. 


And it’s because these new pro- 


sure of getting the G.H.C. devices 


you want—when you want 


competitive prices too! 


For information on the range of G.E.C. semiconductor devices please write to: G.E.C. Semiconductor Division, School Street, Hazel Grove, Stockport, Cheshire. 
Or in London area telephone TEMple Bar 8000, Ext. 10. 


Designed to 
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By designing components to take full advantage of the qualities of Araldite 
epoxy resins, manufacturers are effecting great economies in cost and are 
increasing the technical efficiency of their products. The photograph shows an 
air-break switch backplate, moulded in Araldite by J. R. Ferguson (Electrical 
Engineers) Ltd., for the Federal Pacific Electric Company of Newark, New 
- Jersey, U.S.A. It replaces a built-up com- 

use Arald ite ponent comprising a cast aluminium base 
plate, bored to take six paper bushings, 

which were individually clamped in position. Into the paper bushings six copper 
assemblies were then keyed, involving a considerable amount of fitting. The single 
Araldite moulding assembly, weighing approximately 200 lb., accomplishes all 
the above operations. With careful moulding technique, machining and fitting 
are both eliminated, whilst the Araldite moulding ensures higher impulse levels. 


epoxy resins 


Araldite is a registered trade name 


CIBA (A. R.L.) LIMITED Duxford, Cambridge. Telephone: Sawston 2121 


AP 523 
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Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 


Heavy and robust construction 


—) Special attention to ease of access and 


maintenance 


HEENAN & FROUDE LTD - WORCESTER - ENGLAND 
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PIE, 


Radiotelephones 
Keep The Power 
Flowing 


More and more electricity authorities 


throughout the world are introducing 
Pye radiotelephone systems to in- 
crease efficiency and improve their 
service to consumers. 

The Pye range of A.M. and F.M. radio- 
telephone equipment is the most 
comprehensive in the world. There is 
a Pye radiotelephone to suit all system 
or specification requirements. 

Our Sales Engineering department is 
ready to study your fixed and mobile 


communication problems. 


Pie 


Telecommunications | 


| PYE TELECOMMUNICATIONS LIMITED, NEWMARKET ROAD, CAMBRIDGE. 
Telephone: Teversham 3131 Telegrams: Pyetelecom Cambridge 
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Expamet-Cressall resistors, rheostats and heaters 
form the most comprehensive range available 

from a single source and units to control loads from 
4 watts to over 20,000 Kilowatts have already 

‘been supplied. The introduction of new designs of 
associated equipment widens still further the 
enormous field of applications of Expamet-Cressall 
products. Further details and technical advice 


from our engineers is freely available. 


EXPAMET and CRESSALL 
go together ali the way 


The Electrical Division of The Expanded Metal Company Ltd. 


London Office: 16 Caxton Street, London, S.W.1 
Telephone: ABBey 7766 


Works: Stranton Works, West Hartlepool 

Telephone: Hartlepools 5531 
The Cressall Manufacturing Company Ltd. 
Eclipse Works, Tower Street, Birmingham 19 

Telephone: Aston Cross 2666 


as 


Arange of A.C. Mains Voltage Stabilisers 
has been developed which incorporate 
electronic detector systems of new design, 
and are robust, reliable and very compact. 


Torovolts are new toroidally wound con= 
tinuously variable auto-transformers. 
Electrical and mechanical improvements 
give greater safety and reliability. Legible 
dials give maximum convenience in use. 


“krpamet”’ expanded metal resistors are 
able to dissipate heavy electrical loads 
efficiently through long continuous 
service. 


The ‘‘Edgemet”’ edge-wound strip 
type resistor for confined space 
and high temperature conditions. 
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THE WORLD’S 
LARGEST 


NATURAL-CIRCU LATION 


_ 
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Babcock Radiant reheat type, pulverized-fuel-fired, with an evapor- 
ation of 3,750,000 Ib./hr. at 2400 Ib./sq. in. 1055°F, for THORPE 
; MARSH power station, Central Electricity Generating Board. 


Central station boiler development 
in recent years has been remarkable 
for the steep rise in unit capacities, 
a ae 
\  .with parallel advances in steam 
s 
S conditions and the extensive use of 


‘reheat; achieving valuable gains 


=. Radiant, reheat units, pulverized-fuel-fired, 
for WEST THURROCK power station. in thermal efficiency. This. 


development reflects intensive 

W& CK CK P 

CY N S : 

f) , . \N MW 2 \. oN progress — in design, engineering 

7 . s Nos and manufacture — by the BABCOCK 


organization, which has supplied,. 
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or is currently manufacturing, 
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a considerable number of boilers 
of from 100 to 300 MW capacity, 


da 
Vd 
MWA 


SSD ' 
Ber ee _ emma 
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. . \ and which is now to supply 
N \N . . 
Ww w a unit of 550 MW capacity — 

0 125 the first to provide this huge 
‘ saa ee puncte output from a single-furnace 

or ‘Cyclone’ fired, s 
pe ees CDOT AEs ne natural-circulation design. 
PADIHAM ‘B’, FERRYBRIDGE ‘B 

S (Denmar k), PONT BRULE 
FARCIENNES and MOL (Belgium), 
TIRRENA and CHIVASSO hal, 
Ki ( a 


KAWASAKI (Japan nd 
YALLOURN (Australia); also the 
six 100 MW units at CASTLE 
DONINGTON power station, which 
topped the efficiency table in 1959. 


STEAM-RAISING PLANT 


BABCOCK & WILCOX LTD., BABCOCK HOUSE, 209 EUSTON ROAD, N.W.1 
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....and scribble out these symbols. No more time or effort is needed to carry out the 
operations for ISOLATION, EARTHING and BUSBAR SELECTION (on duplicate busbar units) of 
the lever-operated ‘ENGLISH ELECTRIC’ Class ‘E’ circuit-breaker 
with patented sliding ‘Isolector’ contacts. 

No withdrawal of truck is necessary. Simply choose the 
function required, insert the lever and operate. The exact state 
of the circuit-breaker is always visible on a mimic diagram, 
whether the door is open or closed. Class ‘E’ air-break 
switchgear is designed for 3-3 kV and 6-6 kV service, with 


current ratings up to 3,000 amps. 
) 
Send for Publication SG/345 to: 
The ENGLISH ELECTRIC Company Limited, Switchgear Department, 
East Lancashire Road, Liverpool, 10 


switchgear 


LUMA 


alti edema 


The ENGLISH ELECTRIC Company LIMITED, MARCONI HOUSE, STRAND, LONDON, W.C.2 


WORKS * STAFFORD «© PRESTON © RUGBY * BRADFORD <: LIVERPOOL + ACCRINGTON 
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q Basic diode ratings of 33 amperes 
up to 100 volts. 

q Ratings allow for continuous over- 
loads of up to 1°'3 times full-load 
current. 

High efficiency. 

Low voltage drop. 

Available as diodes, natural air- 

cooled units, forced air-cooled units 

and water-cooled assemblies. 


aa & 


; Natural air-cooled assembly 


} Forced air-cooled assembly 


WESTINGHOUSE germanium 
rectifiers are supplying many 
megawatts of power in a 


wide variety of applications : battery 
charging - works power supplies - 


electrolytic processes - and single 
items such as organ supplies - to quote only 


a few. If you have a problem involving a.c. 
to d.c. conversion, why not consult 
WESTINGHOUSE for advice. We shall only 
be too pleased to count you amongst our 


Water-cooled assembly 


| 


numerous satisfied customers. . 


For full details write to: 
Dept:1.E.E. 6 Rectifier Division 


_ WESTINGHOUSE BRAKE AND SIGNAL CO. LTD : 82 YORK WAY «+ KING’S CROSS - LONDON NI 
Telephone: TERminus 6432 
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TRANSISTORISED 
AUTOMATIC VOLTAGE 
- REGULATORS 
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Model shown is for the control of a 28 Volt D.C. generator PATENTS PENDING 
for use on.aircraft. ; 


Regulation closer than + 1% between ex- 
tremes of temperature from—60°C to 470°C 
Speed of response 50/60 milliseconds. . 
For industrial purposes at normal ambient 
temperatures regulation within + 0-5%. 


Dimensions 5” x 6” x 53” high. 
Weight 4 lbs. 


A=REFERENCE BRIDGE 
B=TRANSISTOR AMPLIFIER 


NEWTON BROS (DERBY) LTD 


ALFRETON ROAD : DERBY 
Phone: Derby 47676 (4 lines) GRAMS: DYNAMO + DERBY 
London Office: IMPERIAL BUILDINGS. 56 KINGSWAY, W.C.2Z 


Right: 2 (of 8) 1600 h.p. induction 
motors. Vertical spindle, closed air 
circuit type with coolers by Spiral 
Tube. For pump drives, Brooklyn 
Pumping Station; Melbourne. 


Photographs by courtesy of Laurence Scott & Electromotors Ltd. Norwich 


oii SPIRAL TUBE 


Coolers 


cooled, whilst for Transformer Cooling both water 
and air-cooled designs are in use. Each installation receives 
individual attention, and is designed to meet with 


Over many years the company’s technicians have pro- 
gressively developed special cooling equipment in con- 
Nes ie ahs Electrical Engineering Industry, The 
extensive knowledge gained thereby ensures the suc- i i i i 

cessful solution of all cooling problene For most instal- Conditions Peculiahy ‘athe paaurigules cere ene 
lations either water-cooled or air-cooled equipment is Other products includ 
used, the usual Alternator or Motor Cooler is water- 


THE SPIRAL TUBE & COMPONENTS Co. LTD., OSMASTON PARK ROAD, 
Head Office: Abbey House, 16 High Street, Watford. Tel: 2678]— 


Scottish Office: Messrs. McCulloch & Miller, 180 West Regent St., Glasgow C.2. Tel: City 4704/5. SS 


e Air Heaters, Diesel Engi 
Coolers, Compressed Air Coolers. ae 


DERBY. TELEPHONE: 48761 (3 LINES). 
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The International Combustion Organisation 


secures the contract for the 
LARGEST STEAM GENERATING UNITS 


for the Southern Hemisphere 


International Combustion were responsible for the 
installation of the first 100 Mw boiler units in the Southern a 1 00 MW 
Hemisphere—two units at TALLAWARRA, Australia. 


Now at VALES POINT, Australia, two IC boilers of 
200 MW capacity are to be installed:— 


Continuous maximum rating: 1,350,000lb/hr 


Steam Pressure: 2,450 Ib/sq. in. 4 S00MW 


Steam Temperature: 1,055°F 
Reheat Temperature: 1,005°F 


These will be the first high capacity controlled and 
assisted circulation boiler units in Australia and the 
first units in the country to employ a reheat cycle. 


In England, International Combustion Limited are 


building five 200 Mw units and one 550 Mw unit for the 4 HaOMW 


Central Electricity Generating Board. 


These projects indicate the confidence placed in IC equipment 
installed throughout the world, meeting the requirements both of 
large central electricity generation and the specialised applications 
of industry. 


Ta 

LONDON OFFICE: NINETEEN WOBURN PLACE, W.C.I. TELEPHONE: TERMINUS 2833 WORKS: DERBY 
e 

Member of Atomic Power Constructions Ltd. One of the British Nuclear Energy Groups. 

, TGA SG84 
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Class C & Class H stlicone-insulated, dry-type transformers are fire and 
explosion proof. They are not affected by dust and humidity. And because they will 
withstand repeated overloading, rating does not have to be based on peak loads. 
For safety, reliability and low maintenance costs, silicone-insulated transformers hold 


every advantage. 
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First consider all the expenditure incumbent upon the installation of oil-filled transformers. 
Special bunkers and fireproof vaults are usually needed—and special fire-fighting equipment. 
The installation is often located a considerable distance from the load centre—which implies 
expensive low-voltage cable runs. 


Now consider the very considerable cost-cutting advantages of Class C and Class H trans- 
formers as demonstrated for instance at the Kent factory of Medway Paper Sacks Ltd, a 
member of the Reed Paper Group. Here a 750 kVA 3-phase air natural cooled transformer, 
built by Ferranti Ltd, has been neatly mounted within the roof truss space. Space limitations 
—making it undesirable to build an adjoining substation for a Class A unit—together, of 
course, with freedom from fire hazard, were the major considerations. As a Group technician 
pointed out, the transformer’s low weight enabled it to be sited thus, on a moderately-sized 
platform, making it possible to run ‘a very nice low-voltage distribution’ to individual machines 
without floor excavations to accommodate long, costly cable runs. 

And so, in simple indisputable terms, it often costs less to have all the advantages of a Class C 
or a Class H installation. 


Midland Silicones Ltd supply the silicone resins and elastomers used in the manufacture of 
Class C and Class H transformers. Here is a list of well-known British manufacturers 
producing silicone-insulated dry-type transformers for the United Kingdom and overseas. 


Associated Electrical The General Electric Co Ltd 
Industries (Manchester) Ltd Gresham Transformers Ltd 

Bonar, Long & Co Ltd Hackbridge & Hewittic Electric Co Ltd 
Brentford Transformers Ltd London Transformer Products Ltd 
Brush Electrical Engineering Co Ltd Bruce Peebles & Co Ltd 

Bryce Electric Construction Co Ltd South Wales Switchgear Ltd 
Crompton Parkinson Ltd Transformers (Watford) Ltd 

The English Electric Co Ltd Woden Transformer Co Ltd 

Ferranti Ltd The Yorkshire 

Foster Transformers Ltd Electric Transformer Co Ltd 


MIDLAND SILICONES LTD 


(Associated with Albright & Wilson Ltd and Dow Corning Corporation) 


first in British Silicones 
68 KNIGHTSBRIDGE - LONDON - SW1 - TELEPHONE: KNIGHTSBRIDGE 7801 
Area Sales Offices: Birmingham, Glasgow, Leeds, London, Manchester - Agents in many countries @ Mseta 
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“All round” 


cable protection 


METALLIC Conduit Tubes and Fittings 
give ‘all round” protection to 

electric cables. They prevent damage 
from impact or abrasion... 

and there is a finish and size to 
meet every need. 


Choose 
METALLIC for 
dependability. 


Mc VALLIC 


CONDUIT TUBES 
& FITTINGS 


THE METALLIC SEAMLESS TUBE CO. LTD, 
LUDGATE HILL, BIRMINGHAM 3 


Also at London, Newcastle-on-Tyne, 
Leeds, Swansea and Glasgow 


A 
COMPANY 
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TRANSFORMER OIL 


Dussek Bros. are the distributors of ‘‘Lobitol” Trans- 
former Oil for Lobitos Oilfields Ltd., the pioneer 
producers of transformer oil in Great Britain. ‘‘Lobitol” 
quality complies in full measure with B.S. requirements 
and satisfies those of many foreign countries. Quality 
control guards ‘“‘Lobitol’’ from the oil wells to 
transformer installations wherever 
they may be. 


You can depend on 
Dussek 


eooceee see ee © © © oe 


Please write to Advisory Dept. P.E.3. 


DUSSEK BROTHERS & CO.,LTD. 


THAMES ROAD, CRAYFORD, KENT 
Telephone: CRAYFORD 22322 


ZENTB 


Regd. Trade Mark 


Transformers 


Iron-clad shell ty; 
transformers in ra 
ings from 5 VA vw 
to 5 KVA, designe 
and tested to B.S.! 
171/36. We mani 
facture sizes up | 
35 kVA both oil and 4 


cooled, single or three phas 


The ZENITH ELECTRIC CO. Ltd. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREE 
LONDON, N.W.2 
Telephone: WILlesden 6581-5 Telegrams: Voltaohm, Norphone, Lond 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 
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against heat 


Silastomer 


als 
“\ 


insulation provides the best insurance 


IN MANY CABLE INSTALLATIONS, the ability to withstand high temperatures 
is a consideration of prime importance. 

Silastomer* silicone rubber insulation permits continuous long-term 
operation in ambient temperatures up to 200°C. Glass braided silicone 
rubber cables will continue to operate through and after a fire. 

Silastomer insulated cables are resistant to corona discharge, 
weathering, low pressure steam, water and many chemicals and are 
flexible at temperatures as low as —70°C. 


Silastomer insulated cables are manufactured by: 


Associated Electrical Industries (Woolwich) Ltd 
British Insulated Callender’s Cables Ltd 
Enfield Standard Power Cable Co Ltd 

W. T. Glover & Co Ltd 

Greengate and Irwell Rubber Co Ltd 

Johnson & Phillips Ltd 

Pirelli-General Cable Works Ltd 

Rist’s Wire & Cables Ltd 

Sterling Cable Co Lid 

St. Helens Cable & Rubber Co Ltd 


ete Silastomer ts the registered trade name of a comprehensive 
“4? range of silicone rubbers manufactured and marketed by 


MIDLAND SILICONES LTD 


(Associated with Albright & Wilson Ltd and Dow Corning Corporation) 


first in British Silicones 
68 KNIGHTSBRIDGE : LONDON - SW1 - TELEPHONE: KNIGHTSBRIDGE 7801 


Area Sales Offices: Birmingham, Glasgow, Leeds, London, Manchester 


Agents in many countries . 
PPM SR 
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BOLTON'S 


COPPER 
IN THE WORLD OF NUCLEAR 


Bolton’s ‘Combarloy’, a silver-bearing h.c. 


i : The illustration shows a Parsons 
Sree ie ahaa oo ee 52MW turbo-generator for Bradwell 
Company Limited in the form of strip for Nuclear Power Station on test at 


Heaton Works. 
rotor windings and of commutator segments 


Photograph by kind permission 
for exciters used in a Parsons 52MW turbo- iene A. parsons & <combany 


Limited. 
generator at Bradwell Nuclear Power 


Station. 


THOMAS BOLTON & SONS LTD 


.Head Office: Mersey Copper Works, 
Widnes, Lancs. Tel.: Widnes 2022, 
London Office and Export Sales Dept.: 

168 Regent Street, London W.lI, 
Tel.: REGent 6427. 


Cvs-542 


; THE INSTITUTION OF ELECTRICAL ENGINEERS 
CHAMBERLAIN & HOOKHAM : | Pct 
TYPE P P 


PROCESS TIMERS 5 TEE 


FOR ACCURATE AND 
AUTOMATIC PROCESS CONTROL 


tere === 1 INQUIRING MIND 


%& Settings down to 1/10 sec. 
%& Accuracy within 0*25% of full scale 
range. 


% Available as single units or self- 


mounting or as complete control ie a film outlining the opportunities for a career 


panels. 


4% Any operation requiring time con- | in the field of electrical engineering 
trol by electrical means can be . 
regulated by this instrument. 


| Producer: Oswald Skilbeck Director: Seafield Head 


eae z. Be : Commentator: Edward Chapman 
Svat Copies of the film may be obtained on loan by schools 
SRA EERE AlN & HOOKHAM LTD. and other organisations for showing to audiences of 


boys and girls or others interested in a professional 
' career in electrical engineering. The film is available in 
either 35mm or 16mm sound, and the running time is 
30 min. 


Application should be made to 
THE SECRETARY 


THE INSTITUTION OF ELECTRICAL ENGINEERS 


TYPE P PROCESS TIMER SAVOY PLACE, LONDON, W.C.2 
CAT. SECTION 11300 


service to 


When you use ILO Electrical Oil, you benefit in three 
ways—from a product which maintains consistently high 
quality, from the advice of experienced technicians and 
from such facilities as this self-powered, 1000 gallon/hour 


Mobile Filter Unit, for the treatment of degraded oil on site. 


ELECTRICAL OILS 


WAKEFIELD-DICK INDUSTRIAL OILS LTD., Castrol House, Marylebone Road, London, N.W.1. 
Member of the worldwide Wakefield Castro! Organisation 
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transformer 


HUNter 4455 


si ida 


LE.E. PROCEEDINGS, PART A—ADVERTISEMENTS ( xxiv ) 


ALL-ISOLATING UNIT 
TYPE ‘Y’ CUBICLE & 
_ IE, SWITCH &F 
CONTROL 
_ GEAR 


Complete accessibility to 
all Starters and Fused 
Switches. 


®@ Lift off doors for safe and 
immediate examination. 


@ Mechanical and Electrical 
Interlock. 


@ For Indoor or Outdoor 
use in any climate. 


ELECTRO MECHANICAL MFG. CO. LTD. 


SCARBOROUGH - YORKS 


London Office and Showrooms: Grand Buildings - Trafalgar Square - London: W.C.2) - WHitehall 3530 
Subsidiary of YORKSHIRE SWITCHGEAR AND ENG. CO. LTD. 


Patent No. 783957 


Publications of 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


Journal of The Institution—Monthly 


Proceedings of the Institution 
Part A (Power Engineering)—Alternate Months 
Part B (Electronic and Communication Engineering—including Radio Engineering)—Alternate 
Months 
Part C (Institution Monographs)—In collected form twice a year 
Special Issues 
VoL. 94 (1947) Part IIA (Convention on Automatic Regulators and Servomechanisms) 
VoL. 94 (1947) Part IIIA (Convention on Radiocommunication) 
VoL. 97 (1950) Part IA (Convention on Electric Railway Traction) 
VoL. 99 (1952) Part IIIA (Convention on the British Contribution to Television) 
VoL. 100 (1953) Part ITA (Symposium of Papers on Insulating Materials) 
Heaviside Centenary Volume (1950) 
Thermionic Valves: the First 50 years (1955) 
VoL. 103 (1956) Part B Supplements 1-3 (Convention on Digital-Computer Techniques) 
VoL. 103 (1956) Part A Supplement 1 (Convention on Electrical Equipment for Aircraft) 
VoL. 104 (1957) Part B Supplement 4 (Symposium on the Transatlantic Telephone Cable) 
VoL. 104 (1957) Part B Supplements 5—7 (Convention on Ferrites) 
Vot. 105 (1958) Part B Supplement 8 (Symposium on Long-Distance Propagation above 30 Mc/s) 
VoL. 105 (1958) Part B Supplement 9 (Convention on Radio Aids to Aeronautical and Marine Navigation) 
VoL. 105 (1958) Part B Supplements 10-12 (International Convention on Microwave Valves) 
VoL. 106 (1959) PART A Supplement 2 (Convention on Thermonuclear Processes) 
VoL. 106 (1959) Part B Supplement 13 (Convention on Long-Distance Transmission by Waveguide) 
VoL. 106 (1959) Part B Supplement 14 (Convention on Stereocphonic Sound Recording, Reproduction and 
Broadcasting) 
Vo. 106 (1959) Part B Supplements 15-18 (International Convention on Transistors and Associated 
Semiconductor Devices) 
VoL. 106 (1959) Part C Supplement 1 (Position Control of Massive Objects) 
Science Abstracts 
Section A: Physics—Monthly. 


Section B: Electrical Engineering—Monthly. 
Cumulative Index. 


Prices of the above publications on application to the Secretary of The Institution, Savoy Place, W.C.2 
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arge — medium — sma 


TRANSFORMER 


by Hackbridge 


ABOVE: One of three 100 MVA 220 kV 
type ON transformers for 
Tasmania. 


CENTRE: 1500 kVA distribution transformer 
for the Far East. 


BELOW: Low power 
multipurpose unit. 


23 MILLION 
IN SERVICE 


Send for publications. 


HACKBRIDGE ano HEWITTIC ELECTRIC CO. LTD 


HERSHAM 2 WALTON-ON-THAMES ao SURREY 
Telephone: Walton-on-Thames 28833 (8 lines Telegrams & Cables: ‘Electric’? Walton-on-Thames 


s SENTATIVES: ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co., Ltd., 171, Fitzroy 
- Rap ae ee N.S.W.: Queensland: W. Australia: Elder, Smith & Co., Ltd.; South Australia: Parsons & Robertson Ltd.; Tasmania: H. M. Bamford & Sons 
| (Pty.) ‘Ltd.. Hobart. BARBADOS and surrounding islands: Electric Sales & Service Ltd., St. Michael. BELGIUM & LUXEMBOURG: Pierre Pollie, Brussels, 3. 
| BRAZIL: Oscar G. Mors, Sao Paulo. BRITISH GUIANA: Dandor Commission Agency, Georgetown. BURMA: Neonlite Manufacturing & Trading Co., Ltd., 
| Rangoon. CANADA: Hackbridge and Hewittic Electric Co. of Canada Ltd., Montreal; The Northern Electric Co., Ltd., Montreal, etc. CEYLON: Envee Ess Ltd., 
| Colombo. CHILE: Sociedad Importadora del Pacifico Ltda., Santiago. EAST AFRICA: G. A. Neumann Ltd., Nairobi. EGYPT: Giacomo Cohenca Fils, S.A.E. 
Cairo. FINLAND: Sahké-ja Koneliike O.Y. Hermes, Helsinki. GHANA, NIGERIA & SIERRA LEONE: Glyndova Ltd. GREECE: Charilaos C. Coroneos, Athens. 
/INDIA: Steam & Mining Equipment (India) Private Ltd., Calcutta, Easun Engineering Co., Ltd., Madras, 1. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, 
| SINGAPORE & BORNEO: Harper. Gilfillan & Co., Ltd., Kuala Lumpur. NETHERLANDS: J. Kater. E.O., Ouderkerk a.d. Amstel. NEW ZEALAND: Richardson, 
| McCabe & Co., Ltd., Wellington, etc. PAKISTAN: The Karachi Radio Co., Karachi, 3. SOUTH AFRICA: Arthur Trevor Williams (Pty.) Ltd., Johannesburg, etc. 
CENTRAL AFRICAN FEDERATION: Arthur Trevor Williams (Pty.) Ltd., Salisbury. THAILAND: Vichien Phanich Co., Ltd., Bangkok. TRINIDAD & TOBAGO: 
| Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, Ankara. URUGUAY: Ciuna Ltda., Montevideo. U.S.A.: Hackbridge and Hewittic Electric Co., 
Ltd., P.O. Box 234, Pittsburgh 30, Pennsylvania. VENEZUELA: Oficina de Ingenieria Sociedad Anonima, Caracas. 
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PARSONS 
20 MVA 11kV 
REACTORS 


are included in — 


KARIBA 


hydro-electric — 
scheme at 
SALISBURY, KITWE, NORTON, 


SHERWOOD and BULAWAYO 
“~~ substations. 


For shunt compensating... 
Connected to 11kV 

tertiary windings of 
transmission transformers 
and operating on 

3 phase, 50 cycle 

system. O/N 

type cooling. 


TRANSFORMERS 


C. A. PARSONS & CO. LTD. +: HEATON: WORKS: “9NE WiGATS aise Ui O Neeser 
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With a DONOVAN 


RE 


A.C. DIRECT-ON-LINE CONTACTOR STARTER 


O» Mainly for reversing Squirrel Cage Motors and the stator 
connections of slip-ring motors up to 200 h.p., these 
starters, by modification and/or additions, can also be used 
for plugging in one or both directions when a quick stop 
is required. Push-buttons are fitted in lid on Size 0 and 
are separate for larger sizes. 


| Type A35, Size 5 Reverser. 
Floor Fixing with lsolator 
and Ammeter. 


Contactors are always mechanically interlocked for 
dependable operation but can be electrically interlocked 
in addition if required. Hand-reset thermal overloads are 
Type A35, Size 0 Reverser standard on sizes 0 to 3, and above size 3, magnetic pattern 


General Purpose Enclosure. with dash-pot time lags. 


THE DONOVAN ELECTRICAL CO. LTD. 


70-82 GRANVILLE STREET, BIRMINGHAM | 


LONDON DEPOT: 148-151 York Way, N.7’ GLASGOW DEPOT: 22 Pitt Street, C.2 
Sales Engineers available in LONDON * BIRMINGHAM : MANCHESTER: GLASGOW : BELFAST : BOURNEMOUTH 


LE.E. PROCEEDINGS, PART A—ADVERTISEMENTS ( xxviii ) 


ANEW 
SYMBOL 
FOR 
POWER... 


In the power cable field, too, a new cable drum 
symbolises the combined resources of Henley’s, 


Liverpool Cables and Siemens Ediswan. 
For super-tension cables to the 
highest voltages or low tension 
paper or plastic insulated mains 
cables, AEI leadership is 
unsurpassed. 

You can rely on AEI 


CABLE DIVISION 


Associated Electrical Industries Ltd 


S1-S3 Hatton Garden, London, E.C.1 
Phone: CHAncery 6822 


The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 


THE PROCEEDINGS OF 
HE INSTITUTION OF ELECTRICAL ENGINEERS 


EDITED UNDER THE SUPERINTENDENCE OF W. K. BRASHER, C.B.E., M.A., M.I.E.E., SECRETARY 


Wot. 107. Part A. No. 33. 


JUNE 1960 


21.315.211.2: 621.315.61 : 621.387 


SUMMARY 


| Considerations of the short-time electric strength and of the con- 
Giuctivity/temperature/stress relationships show that both impregnated 
Staper and polythene are likely to be satisfactory dielectrics for use in 
Ji.v. d.c. cables. From a.c. experience, however, it is known that 
Nolythene in particular is very vulnerable to damage caused by dis- 
mharges in gas-filled cavities, and an assessment of the importance of 
nis mode of deterioration under d.c. conditions is therefore necessary. 
Calculations have been made of the repetition rate of discharges in 
gas-filled cavity in a dielectric subjected to a d.c. siress, since this is 
learly a decisive factor determining the rate of deterioration. The 
petition rate is shown to be a maximum when the surface conductivity 
f the dielectric is zero. Direct measurements of the repetition rate of 
ischarges are described, and the measured rates are shown to be 
onsistent with the calculated maximum rates. The effects of ripple 
oltages and polarity reversals are considered. 

From the predicted discharge repetition rates and from the results 
bf accelerated life tests on samples containing cavities, a rough estimate 
bf the effect of discharges on the probable life of an h.v. d.c. cable 
ielectric can be made. Polythene was selected as the example for 
udy, on account of its known vulnerability to discharges, and it is 
fhown that, with this material, discharge damage is unlikely to be a 
lerious problem under d.c. conditions, provided that ripple voltages 
‘re not excessive and that very frequent reversals of polarity can be 


LIST OF PRINCIPAL SYMBOLS 


z, r, 6 = Cylindrical polar co-ordinates. 

€, ¢, 6 = Oblate spheroidal co-ordinates. 

P(e), Q,(k) = Legendre functions of the first and second kind. 

|. V;, V2 = Potential functions inside and outside the cavity. 

E’ = Uniform stress applied to the dielectric. 

E,, E> = Stresses inside and outside the cavity. 

E;, Ez = Components of stress in oblate spheroidal 
co-ordinates. 

E,, E,= Components of stress in cylindrical polar 
co-ordinates. 


Mr. Rogers is, and Mr. Skipper was formerly, with British Insulated Callender’s 


Cables Ltd. +6 ' 
| Mr. Skipper is now with the Central Electricity Generating Board. 


‘Vo. 107, Part A, No. 33. 
© 1960: The Institution of Electrical Engineers. 
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Paper No. 3144S 
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GASEOUS DISCHARGE PHENOMENA IN HIGH-VOLTAGE D.C. CABLE 
DIELECTRICS 


By E. C. ROGERS, M.Sc., A.Inst.P., and D. J. SKIPPER, B.Sc.(Eng.), Associate Members. 


(The paper was first received 9th October, 1958, in revised form 19th February, and in final form 18th August, 1959. It was published in 
January, 1960, and was read before the SUPPLY SECTION 13th January, 1960.) 


E; = Discharge inception stress of the gas in the 
cavity. 
J = Total current density, i.e. the conduction current 
plus the displacement current. 
Jz, Je = Components of total current density in oblate 
spheroidal co-ordinates. 
€,, €2 = Relative permittivities of the media inside and 
outside the cavity. 
€g = Permittivity of free space. 
01, 02 = Conductivities of the media inside and outside 
the cavity. 
o, = Surface conductivity of the cavity boundary. 
a, b = Semi-axis and radius of the oblate spheroidal 
cavity. 
c = Radius of the focal circle of the cavity. 
T = Interval between successive discharges. 
T’ = Minimum interval between successive discharges. 
Pp imes 


A notation of the form X (x, y, z) has been used to indicate 
that X is a function of the variables x, y, z, and X (a, y, z), where 
a is a constant, denotes that values of X on the surface x = a 
are being considered. 

The rationalized M.K.S. system of units has been used. 


(1) INTRODUCTION 


Interest in h.v. d.c. cables has been stimulated in recent years 
by a number of projects involving the interconnection of large 
power systems by underwater routes. With a.c. transmission, 
the permissible length of a cable connection is limited by the 
charging current, and the maximum distances have been esti- 
mated! at approximately 40 miles for 132kV, 25 miles for 
220kV and 15 miles for 400kV. With land cables, reactive 
compensation may be provided at intermediate points, but this 
is impracticable with submarine installations, and for submarine 
connections over distances much greater than these critical 
lengths d.c. transmission must be used. The 100kV d.c. sub- 
marine cable linking the island of Gotland with the Swedish 
mainland? 60 miles distant is an example of such a connection. 
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Even when the distance is less than the limiting value, there 
may be other reasons for selecting d.c. transmission, as in the 
proposed scheme to link the British and French electricity 
systems by a cable across the Channel, transmitting about 
160 MW at +100kV to earth. There the distance does not 
preclude the use of alternating currents, and the decision to use 
direct currents was based partly on the difficulty of synchronizing 
the frequencies of the two systems. On land, the considerably 
greater cost of cables makes it improbable that they will be used 
where conditions permit the use of overhead lines, and it seems 
likely that, in the immediate future, the major application of 
h.v. d.c. cables will be for high power-transfer-capacity inter- 
connections between large power systems by underwater routes. 

One of the factors that must be considered in the design of 
h.v. d.c. cables is the possible effect of discharges in gas- 
filled cavities on the life of the dielectric. The importance of 
this effect under a.c. conditions has long been recognized, and 
has resulted in the evolution of the modern pressure-assisted 
h.v. a.c. cable, in which discharges in the impregnated-paper 
dielectric are suppressed by the application of gas or oil pressure. 
The difficulty of eliminating discharges has also, up to the present, 
prevented the use of thermoplastic insulants, such as polythene, 
in a.c. cables for operation at voltages much greater than 33 kV. 

The rate at which a dielectric is damaged by discharges in a 
gas-filled cavity is determined by the repetition rate of the dis- 
charges. At 50c/s, when the discharge-inception stress is 
applied, the repetition rate has a minimum value of 100 dis- 
charges per site per second, since at least one discharge occurs 
in each half-cycle, and as the stress is raised above this level 
the rate increases. When a d.c. stress is applied the discharge 
sequence is quite different. There is first a rapid succession of 
discharges as the stress is raised from zero to the steady value, 
and subsequently, with a perfect dielectric having infinite resis- 
tivity, no further discharges will occur provided that the stress 
remains steady. In practice all dielectrics have a finite resis- 
tivity, and so, even when the stress is steady, repetitive discharges 
do occur, at intervals determined by the time required for the 
cavity to be recharged to the breakdown voltage by conduction 
through the dielectric. 

Although there is little doubt that, under normal operating 
conditions, the repetition rate of discharges in cavities in d.c. 
cable dielectrics will be very much less than the minimum 50c/s 
Tepetition rate, it is by no means certain that their damaging 
effect will be negligible. Information on the subject in the 
literature is scanty, and the work described in the paper was 
therefore undertaken with the object of establishing the repetition 
rate of discharges under d.c. conditions and so permitting an 
assessment of the importance of discharge damage as a mode of 
deterioration of h.v. d.c. cable dielectrics. 

To place this work in proper perspective, a brief account is 
first given of the electrical requirements for the dielectric of an 
h.v. d.c. cable, in the light of which the suitability of various 
materials is discussed. 


(2) DIELECTRICS FOR H.V. D.C. CABLES 
(2.1) Electrical Requirements 


Since the permittivity of most cable dielectrics is virtually 
independent of temperature and electric stress, the stress dis- 
tribution in an a.c. cable is determined almost entirely by the 
cable geometry and does not vary significantly with load. Ina 
d.c. cable, however, the steady-state stress distribution is 
markedly dependent on load, since it is determined by the 
conductivity of the dielectric, which, in general, varies with both 
temperature and stress. This dependence of conductivity on 
both temperature and stress is illustrated, for paper pre- 
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Fig. 1.—Conductivity/temperature curves for paper pre-impregnated 
with petroleum jelly. 


Each point represents the mean of at least 9 individual results. 
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Fig. 2.—Conductivity/stress curves for paper pre-impregnated 
with petroleum jelly. 

Each point represents the mean of at least 9 individual results. 
impregnated with petroleum jelly, in Figs. 1 and 2, respectively. 
Since the conductivity scales in the two Figures are logarithmic, 
the parallelism of the lines representing different stress and 
temperature levels implies that there is no appreciable interaction | 
between the effects of stress and temperature on conductivity. 
This has been found to be true for most of the dielectrics studied, 
and simplifies the computation of the stress distribution in d.c. 
cable dielectrics. . 

If the conductivity of the dielectric were constant, the stress 
distribution in a d.c. cable would be hyperbolic, as with alter- 
nating current. However, under steady-state conditions the 
temperature dependence of the conductivity has the effect of 
reducing the stress at the conductor, where the temperature is 
highest, and increasing it at the sheath. It is thus possible, in 
a d.c. cable, for the stress at the sheath to exceed considerably 
that at the conductor, an effect which is termed ‘stress inversion’. 
The effect is alleviated to some extent by any stress dependence 
of the conductivity, which results in greater uniformity of the 
stress distribution under all load conditions. With a cable on 
load, a certain measure of stress inversion may be advantageous, 
since the maximum stress is transferred to the cooler regions 
near the sheath, which are intrinsically stronger. However, too 
high a sheath stress may lead to difficulty in the design of joints. 

In general, the requirements for a satisfactory stress distribu- 
tion are a low thermal resistivity (which is also desirable from 
considerations of current rating) and an electric conductivity 


i which is not too dependent on temperature over the likely 
iworking range. Other electrical characteristics which must be 
¥onsidered in assessing the suitability of a dielectric for use in 
Pa.v. d.c. cables are the impulse and d.c. breakdown strengths 
and possible mechanisms of long-term deterioration. Among 
hese are electrochemical action and deterioration caused by 
lischarges in gas-filled cavities. With rubber and plastic 
j| lielectrics (for which, in submarine applications, the omission 
§ of the metal sheath would have obvious advantages) the effect 
jf water absorption on the electrical characteristics must also 
)e considered. 


(2.2) Assessment of Various Dielectrics 


In terms of the electrical requirements outlined above, the 
}uitability of various dielectrics for use in h.v. d.c. cables will 
wow be briefly considered. 


12.2.1) Polyvinyl Chloride. 

| The conductivity of polyvinyl chloride (p.v.c.) is greatly 
¢nfluenced by the type and amount of plasticizer incorporated in 
he compound, but is markedly dependent on temperature, the 
y-onductivity of a typical compound investigated by the authors 
Meing 10~13 mho/m at 20°C and 5 x 10~!° mho/m at 85°C. 
sChis marked dependence of conductivity on temperature was 
yiot accompanied by any significant variation with stress, and 
t he resulting stress inversion on load would be further accentuated 
joy the comparatively high thermal resistivity (about 8 thermal 
}yhm-m) which would also adversely affect the current rating. 
surthermore, immersion in water caused a marked increase in 
sonductivity, which, in a d.c. cable, could lead to failure by 
@:lectrochemical action at comparatively low stresses.!° Hence, 
#).Vv.c. is unlikely to be a suitable dielectric for use in h.v. d.c. 
lables. 


2.2.2) Butyl Rubber. 

1 The authors’ measurements show that butyl rubber has con- 
“luctivity/temperature/stress characteristics which, together with 
i: low thermal resistivity (about 4 thermal ohm-m) would result 
én a satisfactory stress distribution on load. However, the d.c. 
iitrength (measured on flat sheets at 80°C) is only about 
[100 kV/cm, or little more than one-third of that of impregnated 
aper, and it is further reduced by prolonged immersion in water. 


(2.2.3) Terylene and Polystyrene. 

Both Terylene and polystyrene are electrically satisfactory, but, 
Yor the present, they must be ruled out because their cost is 
felatively high. 


|2.2.4) Impregnated Paper. 

» At the present time, impregnated paper is most favoured as 
e dielectric for h.v. d.c. cables, not only because of its satis- 
factory electrical properties, but also because of the vast amount 
if operating experience which has been gained from a.c. installa- 
hions. All forms of impregnated paper have conductivity/tem- 
Inerature/stress characteristics which lead to satisfactory stress 
Histributions in cables on load, and the small amount of operating 
experience obtained to date with direct voltages*»4 shows that 
solid-type oil/paper dielectric behaves quite satisfactorily at con- 
ductor stresses between 150 and 220kV/cm. (These conductor 
“stresses have been calculated assuming a hyperbolic distribution, 
merely for comparison with a.c. cables.) 

Service experience of the relative merits of solid-type and 
“gressure-assisted cables for d.c. use is completely lacking, 
: Ithough, as discharges are likely to be a very much less serious 
‘sroblem under d.c. conditions than with a.c., the advantages of 
‘oressurization would be expected to be correspondingly less. 
Some French tests+ gave asymptotic breakdown strengths of 
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about 900kV/cm for both solid and oil-filled cables. - However, 
in some Swedish tests,> in which cables were subjected to loading 
cycles in which the applied voltage was increased in steps, solid- 
type cables failed at stresses of 300-400kV/cm, whereas com- 
parable oil-filled cables withstood stresses of 500-600k V/cm for 
a considerable number of loading cycles. The solid-type cables 
were tested in the form of an inverted U, which encouraged 
compound migration from the crest of the U, and the failures 
occurred at these points. However, these two sets of results 
are not necessarily inconsistent, since they illustrate that, although 
liability to damage by discharges is much less with direct current 
than with alternating current, nevertheless, under conditions 
favourable to void formation, discharge damage is an important 
factor limiting the d.c. life of impregnated paper dielectric. 


(2.2.5) Polythene. 

The low thermal resistivity of polythene of about 3-5 thermal 
ohm-m is favourable to current rating, and, together with 
the satisfactory conductivity/temperature/stress characteristics, 
would result in an almost uniform stress distribution on load. 
Moreover, the electrical properties are not seriously affected by 
prolonged immersion in water.® Polythene is therefore a very 
attractive material for use as an insulant for h.v. d.c. submarine 
cables, since a water-resistant sheath would not be needed. The 
conductivity decreases slightly with increasing molecular weight, 
and a high-molecular-weight grade of polythene, such as 
Alkathene grade 0-3, is preferred, on account of its lower 
conductivity and also because of its inherent resistance to 
environmental stress cracking. 

The permissible working stress in polythene cable will probably 
be limited by the relatively low impulse and short-time d.c. 
breakdown strengths, and, although strengths of the order of 
7M V/cm have been recorded in tests on thin laboratory samples 
of polythene,’ the range of impulse breakdown stresses obtained 
on thick-walled cables at 20°C is about 700-1 000kv/cm.®: 9 1° 
It has also been reported® that the d.c. breakdown stress of a 
polythene cable (expressed as a mean stress) is 500-600 kV/cm 
and that this is decreased by 50% as the temperature is raised 
from 20 to 80°C. 

Polythene is extremely vulnerable to discharge damage, and 
this vulnerability, together with the fact that it has not so far 
been possible to devise a cable construction in which complete 
freedom from cavities can be guaranteed, has prevented its use 
in a.c. cables for operation at voltages much greater than 33 kV. 
The d.c. strength should be adequate to permit polythene- 
insulated h.v. d.c. cables to be operated with mean stresses in 
the dielectric in the region of 150kV/cm,!! but in view of the 
susceptibility to discharge damage, an assessment of the probable 
effects of cavities on the d.c. life is obviously essential. 

In the Sections that follow, the repetition rate of discharges in 
a cavity in a dielectric subjected to a d.c. stress is first derived 
theoretically, and then a description is given of the experimental 
determination of the repetition rate of discharges in cavities in 
polythene. This material was selected in preference to impreg- 
nated paper on account of its greater susceptibility to discharge 
damage, and also on account of its translucence, which permitted 
the use of an optical method of discharge detection. 


(3) THEORETICAL ESTIMATE OF THE DISCHARGE 
REPETITION RATE 


(3.1) Theoretical Model 


The theoretical model considered is that of a uniformly 
stressed infinite dielectric medium containing a single oblate 
spheroidal cavity with its axis of symmetry parallel to the field 
direction. For simplicity, the volume and surface conductivities 
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of the dielectric are assumed to be ohmic. In the absence of 
the cavity, the field in the dielectric would be uniform and the 
current density the same at all points. The cavity disturbs the 
current flow, however, so that an excess of charge develops on 
one cavity face and a deficiency on the other. These surface 
charges, which consist partly of free charge and partly of bound 
charge produced by polarization of the dielectric, distort the 
electric field in such a way as to cause the current to flow around 
the cavity instead of accumulating on its faces, so that the field 
tends towards the steady-state condition shown in Fig. 3(a). 


Fig. 3.—Field distribution for a single oblate-spheroidal cavity in a 
uniform infinite dielectric medium. 
(a) Steady-state field. : 
(b) Field after complete discharge of the cavity. 


Lines of force. 
—-—— Equipotential surfaces. 


Up to this point it has been assumed that the gas in the 
cavity is non-conducting. If, however, the steady-state stress in 
the cavity exceeds the discharge inception value, the gas will 
break down when this critical value of stress is reached. For 
simplicity, suppose that the cavity discharges completely and 
uniformly, so that in a very short interval of time (according to 
Whitehead,!? Jess than 10~7sec) the stress at all points in the 
cavity is reduced to zero. The field distribution is then as shown 
in Fig. 3(b). When, on completion of the discharge, the gas 
ceases to conduct, the field distribution once again tends towards 
the steady-state condition shown in Fig. 3(a), until the inception 
stress is reached, another discharge occurs and the process is 
repeated. The repetition rate of the discharges is therefore 
determined by the time required for the stress in the cavity to 
build up from zero to the discharge inception value. 

The applied field is perturbed solely by surface charges on 
the cavity boundary, and at no time are there distributions of 
volume charge either in the region outside the cavity or, except 
at the instant of discharge, within the cavity. The potential 
functions in the two regions therefore both satisfy Laplace’s 
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equation, and the transient field distribution may be derived by 
expressing the two potential functions in harmonic form, and 


imposing a time-dependent boundary condition. 


(3.2) Co-ordinate System j 
Referring to Fig. 4, the equation of the cavity surface in 
cylindrical polar co-ordinates (z, r, ) is 


(z/a)? +.r]/b) =e Sess Loe a 


Fig. 4.—Co-ordinate surfaces. 


----- Confocal hyperboloids. 
—--—- Confocal oblate spheroids. 


Instead of the cylindrical polar co-ordinates (z, r, ®) it is 
preferable to use oblate spheroidal co-ordinates (€, f, 4), since 
this simplifies the imposition of the boundary conditions. These 
co-ordinates will now be defined. 

Consider the set of surfaces given by 


ze r2 


ee si CAGE ae 1) = 
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where £ > 0. 

As the parameter € tends to zero, the surface collapses to 2 
disc normal to the z-axis, of radius c and with centre at the 
origin (see Fig. 4), and as € tends to infinity, the surface tend: 
to a sphere of infinite radius. For intermediate values of €, the 
surfaces consist of confocal oblate spheroids, and a single unique 
spheroid passes through each point in space. The parametes 
C is the length of the semi-axis of the spheroidal surface dividec 
by c, the radius of the focal circle. Hence, if c is chosen se 
that the cavity surface is a member of the set defined by eqn. (2) 
ro equation of the surface can be expressed in the simple forn 

== (6) {6 

Now consider the set of surfaces given by 

aly: re 


gp tagomnl.. 2 eg 


where 0 < € <1. 

As the parameter € tends to zero, the surface collapses on t¢ 
a plane through the origin, normal to the z-axis, and consists o 
the outer region of the circle of radius c obtained by puttin; 
¢ =O inegn. (2). As € tends to unity, the surface collapses t 
a line on the z-axis, or axis of symmetry. For intermediat 
values of €, the surfaces consist of confocal single-sheet hyper 


at 


it 
where a = alc. 

) In each expression, the term —E’c 
| 
ifield produced by the distribution of surface charge on the 
\cavity boundary. 


‘becomes an equipotential surface at zero potential. 


| 


The third oblate spheroidal co-ordinate, ¢, is the angle of 


/ongitude, and is defined in the same way as for cylindrical 
S solar co-ordinates. The problem under consideration is axially 


iymmetric, however, so that this co-ordinate is not required. 

It may be shown that the set of confocal spheroids, given by 
qn. (2), and the set of confocal hyperboloids, given by eqn. (3), 
re mutually orthogonal surfaces, and if (€, 4, (€ + 6€.€ + 60 
ie the co-ordinates of two points lying in a plane through the 


21xis of symmetry, then ds, the distance between them, is given by 


Ss? = 128E2 + 12822 (4) 
where ht = c%(& + yd — €2) (5) 
We = c%(& + CAI + &) (6) 


Also, if (z, r), (€, 4 are respectively the cylindrical polar and 
blate spheroidal co-ordinates of a point, then 


z= cfl 
r= d+ Qa — yr 


(3.3) Potential Functions 
The general solution of Laplace’s equation in‘oblate spheroidal 


(7) 
(8) 


V=X[APAID + BQUGOICP AO) + DQ(H] 9) 


) where A,, B,, C,,, D,, are arbitrary constants. 


The potential functions inside and outside the cavity, V; and 


(a) V; and V2, and their space derivatives, must be finite and 
+ continuous at all points in their respective regions. 
(6) V; = V2 at all points on the cavity boundary. _ 

(c) At points remote from the cavity, the field intensity E2, must 
tend to the steady applied value E’. Therefore as ¢ tends to infinity, 
V> must tend to —E’z, or —E’cEC. : 

(d) In order to provide a reference level for the potentials, the 


. plane equipotential surface through the equator of the cavity is 


defined to be at zero potential. Therefore V; and V2 must be zero 
for all € when ¢ = 0, and for all € when € = 0. 


The following expressions satisfy these conditions: 


Vy=—E'c&o + > A,[Q,jo/PGO|P,GOPA8) (10) 
Vo = Echo + 2, A, QiGOP AO (11) 


&C represents the steady 
applied field, and the harmonic series represents the perturbing 


(3.4) Initial Field 


\az Let a discharge occur at time ¢ = 0, so that the stress at all 


points in the cavity is reduced to zero and the cavity boundary 
7 The lines 


of force and equipotential surfaces are then as shown in Fig. 3(d), 


and V, must be zero for all € and ¢. 


| The values of A,,, in eqns. (10) and (11) which satisfy this con- 


i 
i 
| 


\dition are 


E’ca 
a arc cot « — 1 
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(12) 
(13) 


Ay = 


IN HIGH-VOLTAGE D.C. CABLE DIELECTRICS 


} doloids, and a single unique hyperboloid passes through each 
spoint in space. The parameter € is the cosine of the semi-angle 
fof the cone asymptotic to the hyperboloidal surface. 
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(3.5) Transient Field 


(3.5.1) Time-Dependent Boundary Condition. 


After the discharge, the field distribution tends towards the 
steady-state condition shown in Fig. 3(a). The potentials in 
the regions inside and outside the cavity may still be represented 
by the harmonic series given in eqns. (10) and (11), but the 
terms A,, A3, A;, . . . will now be functions of time. The 
boundary condition which determines these functions will now 
be derived. 

Referring to Fig. 4, consider an annular element of the cavity 
surface, of width ds, the oblate spheroidal co-ordinates of its 
edges being (€, «) and (€ + S€, a). The divergence of the 
total current, J, over a closed annular surface fitting tightly 
to this element must be zero, so that 


1 r) 
JeilE, %, t) — Iel€, & t) = WED ene t) . (14) 
1 0\ /0V, 
where Jyi(&, «, 1) = — nee +0615) (sz C=a ae 
1 0\ /0V. 
JelE, a, 1) = — ea (2 + €0¢25,) (37 ey. ay 
ee raps 
IE) =~ peed ie 7 oe an 


Eqn. (14) is the boundary condition which determines the 
functions A,(¢). 


(3.5.2) Surface Conductivity. 


The form to be assumed for the surface conductivity o,(6) must 
now be considered. It might at first appear preferable to take 
o, constant over the entire cavity surface. However, this results 
in non-terminating solutions for the potentials and a non-uniform 
stress distribution in the cavity. There is no reason to suppose 
that the surface conductivity would, in fact, be strictly uniform, 
and, for simplicity, it is preferable to take 


Oo; SF O5o[ (ce =e &)/(1 ot oF) |e i ooh, a/c 


The conductivity is then o,) at the poles of the cavity and decreases 
to o,9a/b at the equator. 


(3.5.3) Derivation of the Functions A,,(f). 

The functions A,(t) are derived by substituting in eqn. (14) 
the expressions for V,; and V, given by eqns. (10) and (11), 
and equating coefficients of P,(6) to zero. The result obtained 
is that 


A,{t)=0 n>1 (18) 
A,(t) = [y + A;O)]Je—4* — y (19) 
where 
be — E’ca[(a,ox/c) + (0, — a) + &”)] (20) 
[(osou/e) + (o, —0)(1 + &*)](x are cot « —1) —o2 
Eo(€y — €)(1 + x?)(a arc cot a — 1) — Ege, (21) 


a: [(o,9a/c) + (; —o)(1 + &*) (a arc cot ~—1) —o 
and, as shown in Section 3.4, A,;(0) = E’ca/(« arc cot « — 1). 


(3.6) Stress in the Cavity 
The stress in the cavity may now be determined as a function 


of time. Differentiation of eqn. (10) and substitution of the 
values of A,(t) given in Section 3.5.3 yields the result that 

OV, 
NE a ae : (22) 


2a 
Bea sree 


4+ fy =[y + AO]e"} (ware cot a — fae (23) 


The stress in the cavity is therefore uniform and parallel to the 
z-axis at all points. When the discharge occurs, at time ¢ = 0, 
the stress is zero and it then increases exponentially with time- 
constant, 7, tending towards the steady-state value given by 


lim E, = E’ + y(« are cot a — 1)/ac (24) 
pages 39) (25) 

where 
1/A =1 — (1/o>)(@ are cot « — 1)[(os9%/e) + (0, — o2)0 + o”)] 
(26) 


(3.7) Discharge Repetition Rate 


The stress in the cavity may be expressed in the form 
E,(t) = E’A( — e~*!"), where A and 7 are given by eqns. (26) 
and (21). If Tis the time required for the stress to rise from zero 
to the discharge inception value £;, then 


IE: 
y ie — r log. (1 - 54) 


The terms 7 and A are both functions of o,9, the surface 
conductivity of the cavity boundary, which will in general be 
unknown, since it is not an intrinsic property of the dielectric 
but depends on absorbed surface layers. It is shown in the 
Appendix, however, that the discharge repetition rate is a 
maximum when o,)9 = 0. A maximum possible repetition rate 
can therefore be specified in terms of the volume conductivity 
and permittivity of the dielectric, the cavity dimensions and the 
tatio of the stress in the dielectric to the discharge-inception 
stress of the gas in the cavity, all of which will, in general, be 
known quantities. 7’, the minimum value of 7, can be obtained 
from eqn. (27) by putting o,) = 0 in the expressions for 7 and A. 
After putting o, = 0, «, = 1 and «9 = 8-85 x 10-!7F/m, the 
final result is that 

E; 


T’ = 8-85 x 10-11 /o,)\(1 — e, —X) log. (1 a vin) (28) 


(27) 


where 1/N’ = («arccot « — 1)(1 + @&”) +1 


a = alc = [(b/a)? — 1]~1/? 


In this expression, 7’ is in seconds and o> is in mhos per metre. 
In practice, the applied field, E’, is likely to be considerably 
greater than the inception stress, E;, and 4’ is greater than 1-5, 


and 


so E,/A’E’ will usually be very much less than 1. Eqn. (28) 
may therefore be expressed in the approximate form: 
NV+e,—1E, 
Ae cal aie aS 
Time 38 85x 0 UG e (29) 


The corresponding approximate expression for the maximum 
discharge repetition rate, f (discharges/sec), is 


No 2 E é 

N + €2 =a 1 E; 

When the cavity is laminar in shape, A’ tends to infinity, and 
the number of discharges per second is given simply by 


fe ise 10'o,E’/E; 


fal is elo (30) 


(31) 


(3.8) Numerical Values 


As an example of the application of eqn. (28), the maximum 
repetition rate of discharges in an oblate spheroidal cavity in 
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polythene will be considered. For polythene, €, = 2*3 and, 
assuming a maximum working temperature of 70°C and a 
maximum applied stress of 150kV/cm, the volume conductivity, 
G>, is unlikely to exceed 5 x 10~'° mho/m. Curves showing 
the relationship between the maximum discharge repetition rate, 
calculated assuming these values of €, and o, and the ratio of 
applied stress to inception stress, E’/E;, are given in Fig. 5 for a 
range of cavity shapes. 


MAXIMUM NUMBER OF DISCHARGES PER SITE PER HOUR 


(0) 5 10 ale) 20 


Fig. 5.—Calculated values of maximum repetition rates of discharges 
in oblate-spheroidal cavities in polythene. 
“€2 = 2:3; 62 = 5 x 10-1Smho/m 


Under uniform-field conditions, the breakdown strength of a 
gas bounded by dielectric surfaces is the same, within close 
limits, as for breakdown between metal electrodes,!4 and the 
discharge inception stress, E;, depends only on the pressure, 
temperature and composition of the gas in the cavity, and on 
the maximum depth of the cavity in the field direction. Assuming 
that the d.c. inception stress of the gas, E;, is equal to the peak 
a.c. value given by the results of Hall and Russek,!* and that the 
cavity is filled with air at atmospheric pressure and at a maxi- 
mum temperature of 70° C, then £; will not be less than 35 kV/cm. 
In a polythene-insulated power cable, the working stress, E’, is 
unlikely to exceed greatly 150kV/cm, so that the maximum 
likely value of E’/E; is 4:3. From Fig. 5, it is clear that the 
number of discharges per discharge site per hour would not 
exceed 10. 

This repetition rate is less, by several orders of magnitude, 
than would be expected under a.c. conditions, since with a 50 c/s 
stress only just in excess of the discharge inception value, the 
rate would be at least two discharges per cycle, or 3-6 x 10° 
per hour. 

(3.9) Effect of Ripple Voltages 


Up to this point it has been assumed that the dielectric is 
subjected to a pure d.c. stress. Under working conditions, 
however, the stress in a d.c. power cable is likely to contain an 
appreciable ripple component, and if this component exceeds 
the discharge inception value, recurrent discharges will occur in 
each half-cycle of the ripple waveform, as under a.c. conditions. 
The level of ripple that can be tolerated must therefore be 
considered. 

The discharge inception stress of a cavity filled with air at 
atmospheric pressure and at a maximum temperature of 70°C 
would be not less than 25kV(r.m.s.)/em, which corresponds to 
a minimum stress in the polythene of 11kV (r.m.s.)/cm, or 


)0 kV/cm (peak-to-peak). Hence, assuming a d.c. working stress 
vf 150 kV/cm in the polythene, a ripple voltage of at least 20% 
)peak-to-peak) would be required to cause discharges at the 
uipple frequency. 

', Even if the ripple voltage is insufficient to cause discharges at 
whe ripple frequency, it wil] increase the discharge repetition rate, 
since a ripple component is added to the d.c. stress in the cavity. 
or a discharge to occur, the d.c. component has to build up, 
ot to the full inception value, as assumed in Section 3.7, but 
\0 the inception stress less the peak value of the ripple stress. 
‘che latter is given, for laminar cavities, by €,Ep, where Ep is 
|he peak ripple stress in the dielectric. From eqn. (31) it is 
jherefore clear that, with laminar cavities, the effect of ripple is 
}o increase the discharge repetition rate by a factor of 
)2,/(E; — €2ER). If, as is likely, the ripple voltage waveform is 
jion-symmetrica] with respect to polarity, Eg must be taken as 
| he peak value of the ripple stress in the dielectric corresponding 
§o voltage half-cycles of the same polarity as the d.c. stress. 


4) EXPERIMENTAL DETERMINATION OF THE DISCHARGE 
REPETITION RATE 


(4.1) Method of Discharge Detection 


' The usual electrical methods of discharge detection, which 
ilepend on detecting the incremental change of voltage across a 
sample caused by an internal discharge, were found to be unsatis- 
jactory, because of the difficulty of ensuring adequate suppression 
of electrical interference. An alternative method was therefore 
‘leveloped, which depends on the use of a photomultiplier tube 
Lo detect the light emitted by the discharges. This method can 
ye used only to detect discharges in cavities in translucent 
jielectrics, such as polythene, but has the advantage that the 
“ffects of both electrical interference and spurious discharges at 
slectrode edges, etc., can be eliminated. 

The samples used in these tests were made of three sheets of 
»olythene, each of 0-005cm nominal thickness, placed face to 
‘face. A cleanly punched circular hole of +’¢ in diameter at 
the centre of the middle sheet provided an artificial cylindrical 
mavity within the sample. 

» A sectional elevation of the test cell, with a sample in position, 
is shown in Fig. 6. The upper high-voltage electrode consists of 
brass cylinder of 14in diameter, with radiused edges, which is 
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Fig. 6.—Sectional elevation of the test cell for the measurement of 
discharge repetition rates. 


a) Tufnol clamping strip. 
b) Brass h.y. electrode. 
S le. 

th Glass pints with transparent electrode on upper surface. 
i (e) Mask. 
i f) Rubber sheet. 

4 Lid of lightproof box. 
| (A) Photomultiplier tube. 
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embedded in Araldite resin to prevent discharges under the 
edges. The lower earthed electrode is transparent and is made 
by vacuum evaporation of a thin layer of lead oxide, followed by 
a layer of gold, on to the surface of a glass plate.!5 The sample 
and electrodes are supported on a rubber sheet of +in thickness 
and lightly clamped to the lid of a lightproof box that contains 
the photomultiplier tube. A hole of 4in diameter in the rubber 
sheet and in the lid of the box permits light emitted by discharges 
in the cavity in the sample to reach the photomultiplier tube, and 
a mask of opaque paper, punched with a hole of the same dia- 
meter as the cavity and aligned with it, ensures that only light 
produced in the cavity is detected. Discharges in air films 
trapped between the sample and the electrodes were completely 
suppressed by placing a drop of silicone fluid between the lower 
face of the sample and the transparent electrode, and by painting 
the upper surface of the sample in the region of the cavity with 
Aquadag. 

When a discharge occurs in the cavity of a sample, the light 
emitted causes a voltage pulse from the photomultiplier tube, 
which is amplified and used to actuate a simple counter circuit. 
The amplifier gain was adjusted so that the counter just failed to 
respond to noise pulses. The system was stable and unaffected 
by mains interference, and in tests of several hours’ duration on 
blank samples, i.e. samples containing no punched cavity, no 
counts were recorded. The recovery time of the counter was 
about 0:Ssec. The direct voltage was stabilized to within +1 °%%, 
and the 50c/s ripple component, at 10kV d.c. output, was 0°3 %. 


(4.2) Test Procedure 


After mounting the sample in the test cell, the testing voltage, 
V;, was applied, and the number of discharges recorded by the 
counter was noted at regular intervals. Each test was continued 
for about a week. 

In the theoretical work it was assumed that the cavity dis- 
charged completely and uniformly. However, in cavities of the 
dimensions used in the tests, it seemed probable that several 
discharge sites would be established, and in order to permit 
comparison of the measured repetition rates with the theoretical 
values it was necessary to determine the number of these sites. 
This was done with each sample, at the end of the test, as follows. 
The voltage was raised from zero to the testing value, V7, in 
an interval of a few seconds, and the number of discharges caused 
by this voltage change was counted by observing the amplified 
signal from the photomultiplier tube on an oscillograph. Since 
the interval was very short compared with the time required for 
the steady-state d.c. field to be established, the potential distribu- 
tion in the sample was similar to that obtained by applying a 
50c/s voltage. Had the cavity discharged completely and 
uniformly as supposed in the theoretical work, the number of 
discharges caused by the rapid application of a voltage, Vz, 
would have been N, the largest integer less than (V;/V;), where 
V; is the peak 50c/s discharge inception voltage. In fact, the 
number of discharges observed, N’, was always greater than N, 
and the number of discharge sites was taken as the integer nearest 
to (N’/N). 

(4.3) Conductivity Measurements 


The volume conductivity of the polythene sheet, o,, was 
measured at room temperature and at a number of applied 
stresses by means of a vibrating-reed electrometer method. In 
all the tests, the measured conductivity decreased rapidly with 
time and reached a sensibly steady value after a period of about 
a day. A typical curve showing the variation with time of the 
mean conductivities of five samples tested at a stress of 330kV/cm 
is given in Fig. 7. The mean steady-state conductivities at 
stresses of 300 and 600kV/cm (the stresses used in the discharge- 
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state repetition rates of all the samples are given in Table 1, 
The diameter of the cavities (0: 159m) was large compared with » 
their depth (0:005cm), and so the cavity shape was approxi- 
mately laminar. The theoretical maximum discharge repetition 
rates given in Table 1 were therefore calculated from eqn. (31) | 
using the measured values of conductivity given in Section 4.3, 
and assuming a value for E;, the discharge inception stress of 
the air in the cavity, of 136kV/cm.!4 : 
The theoretical maximum repetition rates are calculated 
assuming that the cavity discharges through a single channel, 
and that the residual voltage across the cavity after completion - 
of a discharge is negligible. The latter assumption is probably 
justified,!© but the measurements described in Section 4.2 showed — 
that, with all the samples, the cavity contained several discharge 
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Fig. 7.—Variation of the volume conductivity of polythene with sites. The number of discharges per hour per cavity could 
time of application of stress (330 kV/cm). therefore exceed the calculated maximum rate, as was the case 
Bach pomt-ceprescuts ths mens iof 2 te dy eee) souls. with Samples 1, 2 and 3. However, if the cavity discharges 


through N channels instead of a single channel, the number of 

repetition-rate tests) were 3-67 x 10~'® and 1:20 x 10~'° discharges per hour per cavity, at a first approximation, would be 

mho/m, respectively. expected to be increased by a factor of N, and the theoretical 

(4.4) Results rate given by eqn. (31) may then be regarded as the maximum 

possible repetition rate per discharge site. The measured 
repetition rates per discharge site are all less than the theoretical — 

maximum values, and though this is not claimed to provide 
complete verification of the theoretical work, it is clear that the - 
experimental and theoretical results are at least consistent. 


Discharge-repetition-rate tests were made on six samples at 
a stress of 600kV/cm and on four samples at a stress of 
300kV/cm. With each sample, the discharge repetition rate 
decreased with time and reached a sensibly steady value after a 
period ranging from one to three days. A typical curve showing 
the variation with time of the discharge repetition rate of a 
sample tested at 300kV/cm is given in Fig. 8, and the steady- (5) ACCELERATED LIFE TESTS 


In order to estimate the effect of a cavity on the d.c. life of a 
dielectric, it is necessary to know not only the discharge repetition 
rate but also the number of discharges in the cavity which the 
dielectric can withstand. If the number of discharges required — 
to bring about failure is not greatly influenced by the frequency 
of the discharges, the latter information can be obtained in a 
relatively short time by means of 50c/s life tests. Care is needed 
in the design of these tests, since the discharge characteristics 
can change with time, and, in particular, changes in the con- 
ductivity of the cavity walls, caused by the discharges themselves, 
can result in the discharges becoming temporarily extinguished 
or intermittent.'17 However, discharges in laminar cavities 


DISCHARGES PER SITE PER HOUR 


TIME, HOURS adjacent to a conductor (such as could be produced in a cable 

Fig. 8.—Variation of the repetition rate of discharges in a cavity in by failure of the adhesion between the dielectric and the con- 
polythene with time of application of stress (300 kV/cm). ductor) are unlikely to become extinguished in this way, and it is 
therefore preferable to carry out accelerated tests with specimens 

Table 1 containing cavities of this kind. The damaging effect of a 


discharge probably depends on the stress in the dielectric on 
which it impinges, as well as on the discharge magnitude, so that, 
in the accelerated tests, the samples are subjected to an a.c. 
stress of peak value equal to the intended d.c. working value. 
fo ER Ts Tests with 30 c/s voltages on specimens of Alkathene grade 
sample | stress in | Estimated eee Calculated Sepa 0: 1% Nonox W.S.P. antioxidant, containing Cavities 
Os sate \deeee alone. of sin diameter and of up to 0-1mm in depth, which were 
sites ep eater AGES adjacent to a copper conductor, have shown that at a tem- 
perature of 65°C a life of at least 600 hours is obtainable with 
echusgeciiour Discharges/site/hour| | peak stresses in the polythene in excess of 150kV/cm. The 
2-18 stresses were in the region of two to three times the discharge 
inception stress of the specimens, so that under the stated con- 
ditions of test this particular polythene compound is capable 
of withstanding at least 2 x 108 discharges without failure. It 
was shown in Section 3.8 that, under likely working conditions 
in a polythene-insulated h.v. d.c. cable, the steady-state number 
of discharges per discharge site per hour would not exceed 10, 
so that the predicted time to failure caused by discharges is of 
the order of 10’ hours, or very much greater than the normal 
cable working life of about 40 years. 


COMPARISON OF THE MEASURED STEADY-STATE DISCHARGE 
REPETITION RATES OF POLYTHENE SAMPLES WITH THE 
CALCULATED MAXIMUM VALUES 


Estimated 
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(6) DISCUSSION 

| An expression has been derived for the steady-state repetition 
ate of discharges in a gas-filled cavity in a dielectric subjected to 
72 d.c, stress. The actual repetition rate depends on the surface 
fsonductivity of the walls of the cavity, which will in general be 
janknown, but it has been shown that the repetition rate is a 
‘maximum when the surface conductivity is zero, and that this 
‘maximum rate depends only on the permittivity and volume 
H2onductivity of the dielectric, the ratio of the stress in the dielec- 
tric to the breakdown stress of the gas and the shape of the 
i cavity, all of which are known, or measurable, quantities. In this 
jwork a number of simplifying assumptions were made, the con- 
sequences of which will now be considered. 
The volume conductivity of the dielectric was assumed to be 
ohmic, whereas the conductivity of most dielectrics decreases 
{ with time of application of stress and tends to a steady-state 
value which increases with increasing stress. The time depen- 
ndence causes the discharge repetition rate to exceed the estimated 
gsteady-state value for the first few hours after application of 
stress. When, however, the conductivity in the bulk of the 
Mdielectric has attained the steady-state value, the time depen- 
dence is of consequence only in the region adjacent to the cavity, 
where the conductivity is prevented from attaining the steady- 
state value by the recurrent changes of stress caused by the 
discharges. After completion of a discharge the cavity is 
presumably surrounded by a region of increased conductivity, 
which tends partially to short-circuit the cavity, and so results 
in the discharge repetition rate being lower than if the con- 
Sductivity were ohmic. The effect of the stress dependence of 
‘the steady-state conductivity would be to reduce the non- 
Huniformity of the stress distribution in the dielectric, but in the 
“region adjacent to the cavity, where the stress is non-uniform, 
‘the conductivity does not attain its steady-state value, so that the 
‘effect is probably of less importance than the time dependence. 
1 The effect of a non-ohmic conductivity is therefore likely to be 


i 


\for the maximum rate, given by eqns. (28)-(31), do not need 
(correction. 

| The surface conductivity was also assumed to be ohmic and 
|} to have a non-uniform distribution. However, any distribution 
/of surface conductivity partially short-circuits the cavity and so 
reduces the discharge repetition rate. The result that the 
repetition rate is a maximum when the surface conductivity is 
/ zero is therefore likely to be generally valid. 

' The cavity was assumed to discharge uniformly, although in a 
» large cavity several discharge sites would probably be established. 
If all the sites discharged simultaneously, the calculated maxi- 
/mum rate would apply to each site. The interval between 
‘ discharges is controlled by the rate of arrival of charge at the 
/ cavity surface, which is a maximum if the cavity discharges 
i completely, since this produces the maximum convergence of 
‘ the lines of force. If the sites do not discharge simultaneously, 
therefore, the repetition rate at each site will still not exceed the 
‘calculated maximum value. 

| Finally, it was assumed that the residual voltage across the 
‘cavity after completion of a discharge is negligibly small com- 
a with the breakdown voltage. The effect of a non- 


‘negligible residual voltage would be to increase the discharge 
j repetition rate above the calculated maximum value, though the 
| energy dissipated in each individual discharge would be corre- 
/ spondingly less. However, Mason’s results!® indicate that the 
‘residual voltage is small, and the consistency of the measured 
'and calculated values of the repetition rate of discharges in 
polythene samples (see Section 4.4) provides further evidence 
‘that the assumption is justified. It is concluded that the 
expression given by eqns. (28)-(31) may be used with reasonable 
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confidence to estimate the maximum steady-state repetition rates 
of discharges in cavities in dielectrics subjected to d.c. stresses. © 

Direct measurements of the repetition rate of discharges in 
Cavities in polythene, described in Section 4, have confirmed that 
for several hours after the application of stress the rate may 
considerably exceed the steady-state value, and comparison of 
Figs. 7 and 8 suggests that this time dependence is at least 
qualitatively explicable in terms of the similar variation of the 
volume conductivity, which is the result of dielectric absorption. 
Most low-loss dielectrics show absorption to varying degrees,!® 
and so this time dependence of the discharge repetition rate is 
likely to be a general effect. Since the direction of power flow 
through a d.c. link between two a.c. power systems may be 
conveniently controlled by reversing the polarity of the voltage 
on the cables, this effect could be of practical importance. If, 
as may be the case with the proposed cross-Channel cable, the 
polarity is reversed several times a day, the average discharge 
repetition rate could considerably exceed the steady-state value, 
with a possible deleterious effect on the dielectric life. 

The discharge repetition rate could be increased by ripple 
voltages, and with polythene dielectric, for example, subjected 
to a d.c. stress of 150 kV/cm and containing laminar cavities with 
a discharge inception stress, £;, of 35kV/cm, the steady-state 
repetition rate would be doubled by a ripple stress in the dielec- 
tric of 7-6kV/cm. If the ripple waveform is symmetrical with 
respect to polarity, this corresponds to a 10% peak-to-peak 
voltage ripple. With the same assumptions, a 20% peak-to-peak 
voltage ripple would be required to cause discharges at the ripple 
frequency. 

Under d.c. conditions, there is no sudden onset of discharges 
at a critical stress, as at 5Oc/s, and although the d.c. discharge- 
inception stress could be defined as the stress at which the dis- 
charge repetition rate tends to zero, it would clearly not be 
directly measurable. It is therefore preferable to detect cavities 
in insulation intended for d.c. use by means of an a.c. test. With 
dielectrics such as polythene, methods for the continuous 
measurement of the 50c/s discharge-inception voltage on long 
lengths of cable core are readily available,'? and if the cavities 
are supposed to be of laminar shape and adjacent to the con- 
ductor, the maximum steady-state discharge repetition rate 
under d.c. working conditions may be calculated from the 
volume conductivity of the dielectric and the inception stress of 
the gas in the cavities, which may in turn be derived from the 
50c/s discharge-inception voltage. This has been done in 
Table 2 for a 100 kV d.c. cable designed to operate at a maximum 


Table 2 


DISCHARGE REPETITION RATES IN POLYTHENE CABLES 


Radial depth 
of conductor 
adjacent cavity 


50c/s discharge Maximum 
inception voltage repetition rate 


kV(r.m.s.) Discharges/site/hour mm 


Sw 0:70 
4-1 O23 
Sed 0:10 
UES) 0:07 


Volume conductivity, 5 x 10-15 mho/m. 


conductor temperature of 65°C and a conductor stress of 
150kV/cm (computed on the assumption of a hyperbolic 
distribution). The radial depth of the cavities, assuming them 
to be adjacent to the conductor, may also be determined from 
the discharge-inception voltage, using published data,!4 and 
estimated values are given in the Table. 
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It will be seen that decreasing values of the 50c/s inception 
voltage are accompanied by a comparatively slow increase in 
the maximum discharge repetition rate, but by a rapid increase 
in the cavity size and hence in the energy dissipated in individual 
discharges. Hence, as the discharge-inception level falls, the 
dielectric life is likely to decrease very much more rapidly than 
might be supposed from the increase in the discharge repetition 
rate. However, in the example chosen, it would seem sufficient 
to specify a minimum discharge-inception voltage of 20kV to 
ensure adequate life under the d.c. operating conditions. 

From considerations of electrical properties, and of the 
dielectrics discussed, impregnated paper and polythene are the 
most suitable for use in h.v. d.c. cables. Most of the operating 
experience to date has been obtained with impregnated paper, 
and hence, at the present time, this dielectric is perhaps the most 
favoured. For submarine applications, polythene might be 
advantageous, since it could probably be used without a water- 
tight sheath, and also has an appreciably lower thermal resistivity. 
The d.c. strength is adequate to permit operation at mean stresses 
in the region of 150kV/cm, and estimates of the discharge 
repetition rate, together with the results of accelerated life tests, 
have shown that at these stresses, discharges in cavities are 
unlikely to be a serious problem. Frequent reversals of polarity, 
or unusually high levels of ripple voltage, could increase the 
discharge repetition rate and so shorten the dielectric life, 
although under likely working conditions the factor of safety 
should be adequate, provided that the arduous handling con- 
ditions to which submarine power cables are inevitably subjected 
do not cause excessive damage to the dielectric. This aspect 
could be resolved only by practical trials. 
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(9) APPENDIX 
The Maximum Discharge Repetition Rate 
The interval between successive discharges, 7, is given by 


TP =s''7 loge (l= E,/E’A) . 2 Ge 


where 
1/A = 1 — (1/o)(a arc cot a — 1) x 
[(oso%/c) + (0, — o2)(1 + &)] (33) 
and 
» £6 €o(ey — €2)(1 + ?)(x arc cot a — 1) — Ege, (34) 
[(o,9%/c) + (o, —o2)(1 + &*)](a arc cot a—1) — a, 
The least value of T is to be determined, when Gyo is allowed 


to take any value greater than zero. Differentiating T with 
respect to O49 gives 


dG,9 r NE’ aad, E, 0,0 og, ( a i/ ) (35) 
But, from eqns. (30) and (31), t = wA, where u is independent 
of o,9, so that 


Oy a or | E Ext E 
dig sapents Roe se ~;) ( capatih 
ae 90,9 00,0 fe ; AE shlog, {a yee Ga 
For discharges to occur, the steady-state field in the cavity, 
AE’, must exceed E;, Put £;/AE’ = ws: then 0 <  < 1 and 


oT 
0d,9 


is Sn [J — ¥)-! + log, (1 — #)] 
— we lO tte. G4 8s. | 
-s (Ft) 


The expression in brackets is greater than zero for all O50: 
The sign of 07/0a,9 must now be considered: 
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€o(€2 — €1)(1 + a)(x are cot «& — 1) + Ege, (38) 


[(soe/¢) + (61 — 05)(1 + &) (a are cot a—1) —o,¥ 


) Mr. R. Davis: The scope of the paper is wider than its title 
'gvould suggest, covering as it does an examination of the desirable 
Properties of a cable for direct voltages, and narrower in that the 
HNain experimental study is restricted to one cable dielectric. 
WNevertheless, the authors treat their main topic both theoretically 
lind experimentally in a skilful and elegant way and confirm that 
mnternal discharges are not a serious obstacle to the operation 
19>f cables under direct stresses. 
) The theoretical treatment of the problem leads to a very simple 
formulae for the discharge repetition frequency [eqn. (31)]; 
@Fig. 5 shows that the more elaborate formulae taking cavity 
shapes into account do not change the result by more than a 
‘actor of 2, and the experimental confirmation of the theory can 
de regarded as satisfactory. In Section 9 the authors show that 
the discharge rate is a maximum when the surface conductivity 
of the cavity is zero; this can be shown by the extension of 
simple ideas. If the conductivity is infinite, no charge can build 
yup on the surface and no field can exist in the cavity; if the 
iconductivity is finite, charge formed on the surface can leak 
;away at a rate which decreases with decreasing conductivity, the 
irate being a minimum when the conductivity is zero. 
By observing the light associated with a discharge in a cavity, 
‘the authors have developed a useful method for determining the 
idischarge frequency. While the method is applicable only to 
‘translucent dielectrics it has the advantage that the observations 
ican be restricted to a small region, so that the need for restricting 
corona discharge in other parts of the circuit ceases to be of 
paramount importance. By the use of photomultipliers and 
jamplifiers the method can presumably be made extremely sensi- 
‘tive, and it would be of interest to know whether the technique 
| permits discrimination between discharges of different severities. 
' Mr. C. G. Garton: The paper makes a useful contribution to 
‘the theory of discharges. The mathematical solution has long 
‘been wanted by those working in this field. 
| One point in the solution requires further consideration. The 
‘surface conductivity is defined in terms of a constant value at 
}the pole of the cavity, and decreases toward the equator, 
where it is smaller in the ratio of the minor to the major 
)axis. This implies that, when the ratio goes to zero to represent 
(a laminar cavity, the surface conduction path is open-circuited 
fat the periphery of the cavity. This is the position where, 
intuitively, one expects the conductivity to have most effect. 
'The authors might compare their present result with one 
i obtained by assigning a given conductivity at the equator, and 
letting it go to infinity at the poles (assuming that the equations 
' still lend themselves to solution under these conditions). 
' More information might be given on the sensitivity of the 
detector. The authors believe that they were not recording 
‘spurious pulses, but they leave open the question whether they 
‘were recording all the real ones. Their adjustment of the 
counter so that it ‘just failed to respond to noise pulses’ leaves 
open the question of its sensitivity, unless one knows the level of 
random noise for their experimental conditions. In general, it 
is difficult to keep the noise level below that of the smallest 
discharges. : 
The optical method of detection is elegant, but, of course, fails 
except for the few translucent dielectrics. It is, however, possible 
with a doubly screened room and adequate filtering to reduce the 
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(w arc cot « — 1) is less than zero for all a, and (1 + «2) 
(« arc cot ~ — 1) has a minimum value of —1. Hence d7/da,9 
is Jess than zero for all o,9, and from eqn. (35) it is clear that 
0T/d0,9 is greater than zero for all o,, so that T has, its least 
value when o,9 = 0. 
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noise level in a normal type of discharge detector to the point 
where occasional d.c. discharges can be recorded over periods 
of hours without spurious counts. My colleague, Mr. Krasucki, 
has such a system in operation, recording finally on a Dekatron 
counter. 

The authors might have emphasized more strongly the impor- 
tance of large voids. In cables, unless they are monitored con- 
tinuously during manufacture, the discharge of an occasional 
large void cannot always be distinguished from those of numerous 
small ones. Yet where a large enough void is present, the safe 
working stress is likely to be decreased from the value of 
150kV/cm mentioned by the authors to something less than 
50kV/cm. 

Mr. C. C. Barnes: Section 2.2.3 refers very briefly to Terylené 
and polystyrene, but dismisses them because of high cost. 
Costs are always changing, and technical details on these 
materials would be a useful addition to the paper. 

The relatively low impulse breakdown strength of polythene, 
given as 700-1 000kV/cm on thick-walled cables at 20°C, com- 
pares favourably with some tests on paper cables. The range is 
wide, but I assume this is because results have been quoted 
from tests made under differing conditions in various countries. 
For the cross-Channel cable scheme now under construction 
between the British and French power systems, solid-type paper- 
insulated cables will be used. Consideration was given to the 
possibility of using polythene-insulated cables, but problems 
associated with the manufacturing technique and the possibility 
of frequent polarity reversals introduced hazards which could 
not be accepted, bearing in mind the high costs associated with 
any repairs and the long outage which can result if service 
failures occur. The authors have been very cautious in their 
observations regarding the use of polythene cables for submarine 
projects. They state that under likely working conditions the 
safety factor would be adequate. What exactly do they mean 
when referring to a safety factor applied to submarine cables 
and what value would they regard as satisfactory for such 
projects ? 

Rather than starting with established materials, such as 
impregnated paper, considering standard forms of cable con- 
struction and then proceeding to explain why these materials 
have limitations, would not a more realistic approach be for 
chemists and physicists to work closely together to produce a 
finished product which would provide a predetermined range of 
characteristics ? 

Mr. E. L. Davey: I would immediately increase the figures 
given in Section 1 for the permissible length of a cable for a.c. 
transmission by 25% for existing lower-permittivity dielectrics 
and would then double the resultant figures by the use of reactive 
compensation apparatus at one end of the feeder to reduce the 
charging-current effects on rating by the maximum amount of 
50%. Generally speaking, the limit to the length of cable with 
a.c. transmission is set by economics, and provided that the 
power is sufficient this is of the order of 25 miles of 132kV 
cable. The power must be sufficient to make d.c. cable a 
reasonable proposition—something of the order of 400 MW— 
since the cost of d.c. equipment varies roughly as the square 
root of the power. 

It is stated that pressurization is not so advantageous under d.c. 
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conditions. The direct ionization inception voltage increases 
and the discharge rate decreases with pressure, but an increase of 
stress rating would mean that the region of intrinsic material 
breakdown would be entered. However, it is important not to 
allow vacuous conditions to exist in the gas spaces since, as 
recorded in Section 2.2.4, lower breakdown values are obtained 
in stability tests. 

On the matter of stress inversion the importance of limiting 
the stress to a maximum at all points in the cable dielectric lies 
in the risk of discharge in voids. An important deduction can 
be made from the curves in Fig. 1, namely that there are two 
limitations to the temperature—the drop between conductor and 
sheath and the maximum temperature to which the dielectric can 
be subjected. 

Mr. R. C. Mildner: The authors imply that the radial 
stress distribution can be calculated by the classical theory. 
Gorodetzky,* however, made direct measurements of the radial 
potential distribution. He found quite remarkable discrepancies 
in the calculated values amounting in some cases to more than 
300% at the boundaries. These he attributed to space charges. 

Humphries and I (Reference 10) deduced the discharge 
repetition period by a comparison of the life of polythene cables 
under d.c. stress with that under comparable a.c. conditions. 
We found that the period was of the order of minutes or hours, 
as compared with the periods of weeks and months that had 
been previously suggested. The more refined theory of the 
authors provides a remarkable confirmation of these rates, 
especially so since we were concerned with full-sized cables 
operating at stresses of 300kV/cm and more, and working under 
load cycles of up to 70°C, Mason,t} in his work on a.c. dis- 
charges in cavities, has pointed out that, initially in a cavity 
whose diameter is larger than the discharge site, one observes 
a series of discharges in which the sites are located apparently at 
random over the surface of the cavity; and that after a period 
the discharges are confined to a few cavities, then ultimately 
to one cavity, which may eventually develop into a breakdown. 
Did the authors re-check the number of discharge sites and the 
discharge initiation voltage at the end of their d.c. run? 

In the discussion on the increase in the rate of discharge 
repetition which occurs when direct voltage is first applied, it 
is interesting that, with polythene, as 70°C is approached the 
dielectric absorption has almost completely disappeared, so that 
this increase in the rate will be less important at higher tem- 
peratures where the discharge resistance tends to be somewhat 
lower. 

In Section 6 the authors suggest that the energy in the discharge 
increases with the size of the cavity. I disagree. It is very 
rarely true in the case of high-quality polythene-insulated cable, 
i.e. cables in which the voids will not be greater than 2 mils in 
radial depth. We obtained experimental confirmation of this by 
taking a length of cable and measuring the variation of discharge 
initiation voltage along the length by means of a travelling 
electrode. The core was then put in water with the ends above 
the surface, and an over-voltage two or three times greater than 
the discharge inception voltage was applied. We invariably 
found that the breakdown occurred not at the lowest point of 
discharge initiation voltage, but somewhere else. The signifi- 
cance of this is that, if the cable is operated in the neighbourhood 
of the discharge inception voltage, this voltage provides a good 
criterion for the subsequent cable performance to the extent that 
it is stable with time, but if tested at an over-voltage two or three 
times greater, even under direct voltages, it will no longer be a 


* GoropeTzky, S. S.; ‘220-400kV Direct-Current Cables’, C.I.G.R.E., Paris, 1958, 
Paper No. 206. 

t+ Mason, J. H.: ‘The Deterioration and Breakdown of Dielectrics resulting from 
internal Discharges’, Proceedings 1.E.E., Paper No. 1053, January, 1951 (98, Part I, 
p. 44). 
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good criterion. Eventually we shall find some way of circum= 
venting this difficulty, but at the moment it prevents the dis- 
charge measurements from becoming the perfect non-destructive 
test. 

Dr. B. Salvage: A greater emphasis on the experimental 
approach to the problem to balance the valuable theoretical 
work that has been done would have been helpful. In par- 
ticular, further information on the effect of the electric stress 
and data on the effect of the temperature on the discharge 
repetition rate would be interesting. 

The authors have found that the discharge repetition rate 
decreased very considerably at the start of a discharge test and 
they have attributed this to the decrease in the volume conduc- 
tivity of the dielectric in the region of the cavity during the initial 
part of the test. There is now considerable evidence that the 
self-extinction effect of discharges in cavities (see Reference 17) 
is caused by an increase in the conductivity of the surfaces of 
the cavities, owing to the formation of a semiconducting deposit 
on the surfaces. Could not a similar effect have occurred in the 
experiments which the authors have described in the present 
paper, resulting in a reduction in the discharge repetition rate? 

Have the authors carried out any experiments to follow the 
degradation processes in the region of the dielectric surrounding 
a discharging cavity? They have assessed the probable life of 
dielectrics subjected to high direct electric stresses by reference 
to tests with alternating stresses and it is important to know 
whether the degradation processes are similar under the two 
conditions. 

Dr. J. H. Mason: In Section 5 the authors suggest that dis- 
charges in cavities adjacent to an electrode are unlikely to be 
temporarily extinguished by the formation of semiconducting 
films. E.R.A. research shows, however, that discharges propa- 
gating from such channels are sometimes short-circuited by 
carbonization, whereas discharges in cavities entirely enclosed 
in polythene cause slower penetration, but continue until failure 
occurs.* In the same paper, it was shown that discharges in 
small cavities in polythene occur at numerous sites, each less 
than 0-5mm diameter, as in Fig. A(i). Subsequent work 


Fig. A.—Electrophotographs showing discharge sites. 
(i) In cavity Smm diameter and 0-3mm depth between polythene and a photo- 


sensitive surface. 5 cycles at 3kV (r.m.s.) applied. 


(ii) In_cavity 4mm diameter between two photographic plates, spaced 0-8mm 
apart. 7kV direct voltage applied for 0-04 sec, 


showed} that each discharge site was of irregular shape, as in 
Fig. A(ii). Evidently the factors governing the rate of charge 
leakage from any discharge site must be very complex, and I 
wonder whether the authors’ elaborate mathematical analysis 
was justified. If the volume resistivity of polythene is 
10'7 ohm-cm, the discharge time-constant would be some 
23000 sec, i.e. less than 0-05 discharges per hour would occur 

* Mason, J. H.: ‘The Deterioration and Breakdown of Dielectrics resulting from 
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@at each site. 
-but would not conflict with the conclusion that discharges should 


uni-directional pulses. 
reversal four times a day, together with the effect of dielectric 
iH 


‘closely related to the energy dissipated, and so no difficulty 


/ the term o,x/c must be replaced by o%o(1 + «*)!/?/c. 


(ii) 


Fig. B.—Discharges in a cavity 2-5mm diameter and 0:-2mm 
depth in polythene. 


(i) A.C. 8kV (peak) (2Vj). 
(ii) Pulses, 8kV (peak). 


This value is smaller than observed (see Table 1) 


cause negligible damage when polythene is subjected to constant 


@d.c. stress. 


The danger of polarity reversals should however be given 
greater emphasis. Comparison of Figs. B(i) and (ii) shows that 
many more discharges occur with alternating voltage than with 
With a working voltage of 5V;, polarity 


THE AUTHORS’ REPLY TO 


Messrs. E. C. Rogers and D. J. Skipper (in rep/y): 
To Mr. Davis.—The light emitted by a discharge is presumably 


should be experienced in using the optical technique to dis- 


| criminate between discharges of different severities. 


To Mr. Garton.—If, in Section 3.5.2, o, is defined in terms of a 


| constant value, 04, at the equator, instead of o,9 at the poles, 


the interval between discharges, given by eqn. (27), is unchanged 
except that in the expressions for 7 and 1/A [eqns. (21) and (26)] 
The 
interval is a minimum when o,) = 0, and so the expressions for 


\ the maximum repetition rate, given by eqns. (28)-(31), are 
j unaltered. 


Observation of the photomultiplier output with a cathode-ray 


/ oscillograph showed the discharge pulses to be of considerably 
_ greater amplitude than the noise, and there were no pulses of 
| intermediate amplitude between these two levels. We are there- 


fore confident that, with the counter set so as just not to respond 


- to noise, all discharges were detected. 


It is normal practice to monitor polythene cable continuously 
during manufacture, so that occasional large voids should be 
detected. Production experience shows that, with a cable design 


‘similar to that described in Section 6, the requirement for a 


minimum discharge-inception voltage of 20kV can be met and 
the suggested working stress of 150 kV/cm should therefore be 


' attainable. 


To Mr. Barnes.—Economic considerations apart, polystyrene 
and Terylene would tend to be rejected on mechanical grounds. 
Also, the relatively high thermal resistivity of polystyrene would 


- be detrimental to both stress distribution and power rating. 


It is difficult to ascribe a numerical value to safety factor, but 
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absorption, might raise the number of discharges fifty-fold com- 
pared with constant direct current. Thus, for operation with 
polarity reversals it would seem advisable to use discharge-free 
cable. Is it possible to achieve this by screening the conductors, 
or will it be necessary and economic to apply high gas pressure 
in the inner and outer conductors? 

Mr. J. E. L. Robinson: Has any attempt been made to check 
by other means the deduced number of sites per void? Does a 
single discharge cause discernible marking which can be 
examined optically or otherwise? Comparison of such a record 
with the findings of the paper could provide valuable corrobora- 
tion of the theory. 

Is it true that, although in principle the repetition frequency 
depends on the size of the void, the degree of dependence is 
slight and justifies the size parameters disappearing in the 
simplified equations? 

Again, the most important practical case referred to in the 
paper is that in which one side of the void is the conductor. 
Have the authors attempted correlation of measurements with 
the theory in this case? ; 

Mr. G. S. Buckingham: The predicted time of failure of the 
cable under normal working stress—of the order of 107 hours— 
represents a substantial safety factor. Is it not a little unneces- 
sary to expect a ratio of expectation of life of more than 
Zale? 

In a previous paper* it has been suggested that we might be 
able to look forward to the time when impregnated paper and 
polystyrene tapes were interleaved in a lead-covered cable. 
Such a design would have as its purpose the elimination of gas 
occlusions, thus increasing the life of the cable. Can the 
authors give any up-to-date information on the possibility of 
mixing paper and polystyrene in one cable? 


THE ABOVE DISCUSSION 


the margin of safety allowed was judged adequate from a know- 
ledge of the a.c. life characteristics of polythene cables. The 
suggested substitution of molecular engineering for cable 
engineering is felt to be rather more idealistic than realistic at 
the present time. 

To Mr. Davey.—We consider that the 25 9 increase in maximum 
permissible length suggested for pre-impregnated cables is not 
justified solely by permittivity considerations, but must depend 
to a large extent on the lower working stress of this type of 
dielectric. The statement that the power must be of the order 
of 400 MW to make d.c. cable a reasonable proposition conflicts 
with the conclusions of other published work.t 

To Mr. Mildner.—The measurements of Gorodetzky were not 
confirmed by Oudin and Bele,’ who claim to have attained close 
agreement between measured and calculated stress distributions, 

The estimated numbers of discharge sites quoted in Table 1 
are based on measurements made at the end of the tests. In 
some instances the initial values were slightly higher. We 
consider the contention that discharge energy is unrelated to 
cavity depth to be unproven, since with over-voltage tests of the 
order mentioned, breakdown mechanisms other than discharge 
erosion might be operative. Thus channels might be propagated 
from inclusions or other points of enhanced stress, so that 
failure would not necessarily occur at the point of lowest dis- 
charge-inception voltage. 

To Dr. Salvage.—The discharge repetition rate is directly pro- 
portional to the volume conductivity of the dielectric, and so it 


* THORNTON, E. P. G., and Boorn, D. H.: ‘The Design and Performance of the 
Gas-Filled Cable System’, Proceedings I.E.E., Paper No. 2754S, October, 1958 
(106 A, p. 207). , 

+ Lane, F. J., RATHSMAN, G., Lamm, U., and SMEDSELT, K. S.: ‘Comparison of 
Transmission Costs for High-Voltage A.C. and D.C. Systems’, C.I.G.R.B., Paris, 
1956, Paper No. 417. 
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seems reasonable to ascribe the decrease of repetition rate with 
time of application stress to the similar variation of the con- 
ductivity. It is possible, however, that an increase in the surface 
conductivity of the cavity walls also contributes to the effect. 

We agree that, ideally, it is desirable to confirm that the 
dielectric degradation processes are the same with direct as with 
alternating current. There is, however, the practical difficulty 
that life tests on dielectrics subjected to unidirectional discharges 
would need to be of very long duration, since there would seem 
to be no means of accelerating the rate of leakage of charge 
from the surface without interfering with the degradation 
processes. 

To Dr. Mason.—In Section 5, we state that discharges in laminar 
cavities (i.e. cavities of large diameter/depth ratio) adjacent to 
an electrode are unlikely to be extinguished by semiconducting 
surface films. Tests at 50c/s of several days’ duration have 
shown that with such cavities the discharge-extinction voltage 
remains sensibly constant, whereas with cavities of small dia- 
meter/depth ratio discharges may be extinguished.!7 Under 
possible working conditions in a polythene-insulated d.c. cable, 
and with the volume conductivity quoted, the estimated repetition 
rate of 0-05 discharge per site per hour could be in error by a 
factor of at least 100. We therefore consider the more refined 
analysis given in the paper to be amply justified. 

Both conductor and dielectric screening would normally be 
employed, but this would not necessarily guarantee discharge-free 
Operation at 150kV/cm. However, the suggested effect of 
polarity reversal is felt to be exaggerated, since as Mr. Mildner 
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rightly points out, dielectric absorption effects in polythene are 


much reduced at maximum cable-operating temperatures. Thus, 


even with fairly frequent reversals of polarity, it is not considered 


necessary to specify discharge-free cable, nor to employ pressure- 
assisted designs. 


To Mr. Robinson.—The deduced number of discharge sites has 
not been checked by other means, but the technique of 


electro-photography described by Dr. Mason provides a means 


of doing this and of recording the occurrence of a single 


discharge. 


The void size (i.e. depth in the field direction) influences the 


repetition rate only by determining £;.'4 The dependence on 
shape, i.e. b/a, shown in Fig. 5 is not great, and for practical 
purposes the expression for a laminar void [eqn. (31)] may be 
used, for which shape the rate is a maximum. 

No repetition-rate measurements were made with electrode 
adjacent voids. 


To Mr. Buckingham.—We do not suggest that a predicted time to 


failure of 107 hours is a necessary requirement; the point we 
wish to make is that under the working conditions considered a 
time of this order is likely to be required for discharges to cause 
failure. Discharge damage is therefore unlikely to be a serious 
hazard. 

The use of polystyrene tapes interleaved with pre-impregnated 
paper would result in a very uneven stress distribution with 
direct voltages, because of the widely differing resistivities of the 
two materials. The advisability of using such a construction 
with d.c. cables is therefore open to doubt. 


loo 


: 


i 
‘| 
| 
_ > 621.316.91 


r 
| 
i 


i 


it 


SuB-CENTRE 16th May, 1960.) 


SUMMARY 


The paper first describes the probable sphere of application of 
(monocrystalline semiconductor rectifiers and states the problems which 
gimust be solved to ensure reliable operation under both normal and 
abnormal conditions. The basic characteristics of these rectifiers are 
@then discussed. A brief description is given of the special test methods 
irequired to establish the characteristics, and it is shown that important 
(properties can be entirely overlooked if test methods are inadequate. 
) Operating conditions are examined under both normal conditions 
and during faults and overloads, and the protection requirements are 
deduced, 

The properties of h.r.c. fuses are briefly discussed, and by considera- 
tion of the rectifier properties and operating conditions the require- 
ments are stated for the special fuses necessary. It is shown that 
these special fuses provide a basis for a protective system which 
enables full use to be made of the new semiconductor rectifiers. 

? The paper concludes with a description of the practical application 
lof these special fuses, and shows how different forms of protection can 
‘be co-ordinated to ensure satisfactory operation of semiconductor 
‘rectifiers under different conditions for a wide variety of duties. 


(1) INTRODUCTION 


Technical changes in the design of high-power rectifiers have 
imade a re-examination of protective measures necessary. Until 
Srecently, most high-power direct current was supplied by 
smercury-arc, mechanical or selenium rectifiers, and special pro- 
‘tection schemes were evolved for each type of equipment. The 
)mercury-arc rectifier experiences occasional short-circuits (back- 
ifires) between anode and cathode, but suffers no permanent 
‘harm so Jong as it can be switched off within a few cycles. The 
)mechanical rectifier, mainly applied for very heavy direct currents 
in the region of 100-600 volts, is liable to backfire because of 
}sudden changes of supply voltage or faults in the contact 
jmechanism. The standard protection is to short-circuit the 
\rectifier input terminals in less than 2 millisec, before the next 
‘contact of the rectifier can open. This prevents more than one 
‘contact being involved. Burnt contacts are expendable, and can 
be replaced in a few minutes. The selenium rectifier is mainly 
‘used for small powers and in control circuits. It has rather a 
‘low efficiency, but a great ability to withstand momentary over- 
voltages and over-currents, so that protection is extremely 
‘simple, usually involving only standard fusegear and con- 
| tactors. 

_ The advent of germanium and silicon semiconductor rectifiers 
‘has completely altered rectifier protection requirements. These 
‘rectifiers are simple and small], and give a uniformly high effi- 
‘ciency over a wide range. However, they are susceptible to 
damage by over-currents, owing to their small thermal! mass, 
and to damage by over-voltages, owing to breakdown pheno- 
mena. Their advantages can be fully realized only if proper 
protection can be applied. The paper is devoted to a study of 
the protection requirements and the manner in which they 
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depend on the basic properties of the rectifier itself. The protec- 
tion requirements are 
(a) Establish voltage and current ratings giving an acceptable life 
for the device. 
(b) Control voltage and current surges generated by the 
equipment. 
(c) Guard against occasional cell failures; devise means for 
detecting these and disconnecting faulty cells before cumulative 
damage occurs. 


_ (d) Co-ordinate the protective measures to prevent unnecessary 

interruption of output. . 

To protect properly it is essential to know the margin between 
the safe working and failure limits for both current and voltage 
under both steady-state and transient conditions. It is also 
necessary to have some knowledge of the reasons for failure if 
the protection is to be better than a mere trial-and-error system. 
The rectifier properties are studied below, and suitable protection 
proposals are made on the basis of this study. 


(2) VOLTAGE CHARACTERISTICS OF SEMICONDUCTOR 
RECTIFIERS 
Fig. 1 shows idealized characteristics for semiconductor recti- 
fiers. The forward voltage drop is small, substantially constant, 


FORWARD CURRENT 


REVERSE VOLTAGE 


FORWARD VOLTAGE 


REVERSE CURRENT 


Fig. 1.—Idealized characteristics of typical high-power silicon and 
germanium diodes. 


largely determined by the threshold voltage and of little conse- 
quence when designing protective systems. All rectifier cell 
failures eventually result in a failure to withstand the reverse 
voltage, even though this failure may have been caused initially 
by over-temperature or over-current. Cells are produced with 
a wide range of breakdown voltage; this must be determined 
under working conditions for each cell used in an equipment, 
and must be maintained throughout life. 


(2.1) Reverse-Voltage Breakdown 


The voltage rating of the cell is that reverse voltage which it 
can withstand successfully, and appears simple to determine from 
Fig. 1, which shows a very rapid rise of leakage current above a 
critical voltage (turnover voltage). If this voltage is exceeded, 
the reverse power loss becomes excessive and rapid breakdown 
follows.” !© The total energy causing destruction in this way is 
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much less than that required to raise the junction temperature 
dangerously high during forward conduction. The breakdown 
phenomenon is not simple, and is probably dependent upon local 
effects in the junction. 

The reverse-voltage curve is best determined on load under 
working conditions, either real or simulated (a dynamic test). 
Both germanium and silicon rectifiers show decreased breakdown 
voltage as the junction temperature rises, and some rectifier cells 
show various other effects, including reverse ageing of junctions 
with time.'4 The detailed study of these effects does not fall 
within the scope of the paper, but stable cells are essential for a 
coherent protection policy. 


(2.2) Measurement of Reverse Characteristics 


Several methods are available for dynamic tests on rectifiers. 

(a) Electronic Methods using the Main Circuit Voltage.|\—The 
same voltage is used for producing forward current and 
measuring reverse voltage. This makes it difficult to trace the 
complete reverse characteristic if the rectifier cell is operated 
near the turnover voltage, since accidental breakdown can easily 
be caused. 

(6) Synthetic Voltage System—This requires two power 
supplies, one for reverse voltage and one for forward current. 
The disadvantage as a research tool is that exploration of the 
instantaneous reverse characteristic at different points of the 
cycle is not easily possible, since the same frequency of supply is 
used to produce both forward current and reverse voltage. The 
method is satisfactory for routine testing. 

(c) Synchronous Contactor Method.4—This method is versatile, 
and in some variations the circuit can be opened at any selected 
point on the reverse half-cycle. Ina refinement of this method a 
short h.f. pulse of variable amplitude is applied at a chosen point 
on each reverse half-cycle, and a complete characteristic is drawn 
up to turnover voltage. This has been found very satisfactory 
as a research tool, and has shown some unexpected effects not 
readily observed by other methods. 

With germanium rectifiers the reverse saturation current is 
dependent on temperature at a low voltage. By applying a few 
volts to the junction during the reverse period with the synchro- 
nous contactor open, the junction temperature can be deter- 
mined accurately by measuring leakage current with an 
oscillograph. Relationships between reverse leakage current 
and temperature are less simple with silicon rectifiers. 


(2.3) Practical Voltage Ratings 


To assign a voltage rating, it is essential to determine the 
limiting voltage for each cell by a routine test. The recurrent 
inverse voltage must be below the breakdown value. The exact 
ratio of recurrent peak inverse voltage to breakdown voltage 
can be chosen to suit different applications. The main sources 
of voltage surges are described below, and Fig. 11 shows the 
commoner methods of limitation. 

(a) Hole-Storage Voltages—The phenomenon of hole storage 
is described in Reference 12. The resulting voltages are reduced 
by means of small capacitors connected either across the a.c. 
input to the rectifier or across the output of the rectifier.'> The 
latter solution is applicable only to bridge-connected full-wave 
rectifiers. 

(6) Transformer Switching-Surge Voltages.—These are due to 
both electromagnetic and electrostatic coupling. The electro- 
magnetic voltage surge caused by the changing flux in the 
transformer is usually greatest when switching out an unloaded 
transformer. The exact magnitude is uncertain and depends 
greatly on the switchgear. More than thrice normal is not 
common, but 10-15 times normal can occur in special circum- 
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stances. Suitably chosen capacitors and damping resistors in 
the input or output circuits of the rectifier or its transformer are 
very commonly applied to limit surge voltage. ; 

Capacitive coupling between primary and secondary may cause 
the transformer secondary to rise above earth potential to almost 
60% of the primary voltage to earth at the instant of switching in, 
irrespective of transformer voltage ratio. One cure is to connect 
a small capacitor of the Jow-inductance pattern between each 
output line and earth!> (Fig. 11). An alternative protection is 
to fit an earth screen between the primary and secondary of the 
transformer, but this is not always practicable with large 
transformers. 

(c) Lightning Surges.—These usually occur only on equipment 
with outdoor transformers fed by overhead lines. The surge 
voltage is commonly limited by surge diverters, usually connected - 
from the main transformer primary to earth, but sometimes 
connected to the secondary. With modern diverters it is” 
practicable to limit voltage surges and the residual voltage to” 
as little as 1-7 times the normal recurrent peak voltage. : 

(d) Operation of Protective Fuses Rectifier fuses are usually 
designed to limit the arc voltage when clearing a fault to a 
value below the breakdown voltage of the rectifier cells (see 
Section 6.1). i 

(e) Chopping of Load Current.—This may be caused by the 
load itself or a circuit-breaker, and may result in severe voltage 
surges. Curative measures are discussed in Sections 9.1 and 9.2. 


(3) CURRENT CHARACTERISTICS OF SEMICONDUCTOR 
RECTIFIERS 
The junction temperature rise—an important factor in semi- 
conductor rectifiers—is caused mainly by forward losses. In 
small rectifier cells the reverse losses may also be significant. 
The junction temperature must not cause any ageing effects 
during normal service, and must be sufficiently below any 
dangerous temperature to allow a margin for overloads or 
faults to be controlled by the protective gear without harm to 
the rectifier cells. 


(3.1) Control of Junction Temperature 


All semiconductor rectifiers have certain common features 
in their cooling systems, namely , 


(a) The rectifier consists of a thin wafer of the desired semi- 
conductor material with one or more rectifying junctions. 

(6) This wafer is soldered to heat sinks (usually copper blocks) 
above and below, using the thinnest possible solders to obtain low 
thermal resistance. Sometimes intermediate layers are added to 
reduce thermal stress. 

(c) The heat sinks are thermally connected to cooling fins for 
transfer of losses to air, or to water boxes for transfer of the heat to 
water or other liquid. 


The junction itself is of small thermal mass. Direct measure- 
ment of its temperature is impossible, and various indirect 
methods are used. : 


(3.2) Estimation of Junction Temperature 


Fig. 2 shows a typical variation of junction temperature 
throughout the cycle. During the reverse voltage period it can 
be estimated as described in Section 2.2(c), and during the 
conduction period by calculation of heat-transfer rates,” although 
this is laborious and unsatisfactory. An alternative method? is 
to use an electrical analogue of the thermal system, and to feed 
into it a current waveform similar to that expected in service. 
The junction temperature is represented by the voltage shown 
on an oscillograph. Junction temperatures during the reverse- 
voltage period obtained by synchronous-contactor and thermal- 
analogue methods are in excellent agreement at normal loads. 
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. 2.—Temperature of a semiconductor junction above cooling 
medium during a complete cycle. 


(3.3) Practical Current Ratings 


' A large heat sink for the wafer gives good cooling during 
Tverloads of a few seconds, with only a small effect on continuous 
lating. Good heat transfer to the ultimate sink of heat gives a 
igh continuous rating with only a small effect on overload 
emperature rise. 

Requirements of commercial ratings are 

(a) Rated load current must not cause any significant deterioration 
of the rectifier within the life of the equipment. The maximum 
safe current may be limited by differential expansions of the various 
» materials independently of actual junction temperature, so that there 
is a limit to the safe continuous current, however effective the 
cooling becomes. 

(b) Rated overloads are the transient currents expected in com- 
mercial operation, and must not harm the rectifier junctions. During 
» overloads the junction temperature rises, but a safety margin is 
| essential, so that any fault applied during the overload will not 

cause a dangerous temperature rise before the protective gear 
operates. 16 ; ‘ 

(c) Fault currents must be interrupted by the protective gear 
before any damage occurs to the equipment. 


(3.3.1) The Survival Curve. 

1. Fig. 3 shows an idealized survival curve which, for very short 
itimes, is a constant-coulomb line and is fixed by maximum 
junction temperature for long times. The exact shape is deter- 
‘mained by the whole heat transfer system. Germanium junctions 
hare destroyed at once when a temperature of 153°C is reached. 
) This has been confirmed under a great variety of conditions, and 
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Fig. 3.—Theoretical type of survival curve for semiconductor 
rectifiers. 
(a) Constant-coulomb line for failure in very short pulses. 


_ (b) Complete failure. 
* (c) Normal full-load current. 
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is very close to the melting-point of indium. The constant- 
coulomb limit only applies for times of a few milliseconds. 
No sharp temperature limit is known for silicon rectifiers. Fig. 4 
shows two practical survival curves for germanium cells, which 
converge after a few minutes even though the starting tempera- 
tures are different. 
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Fig. 4.—Typical rectifier and fuse survival curves. 


(a) Fuse A. 

(6) Fuse B. 

(c) Cell failure curve (start 65°C peak junction—normal load). 
(d) Cell failure curve (start 90°C peak junction—overload). 


The rating and protection policy must ensure that the survival 
limits are never exceeded. This can be done most obviously 
by greatly increasing the reactance, but this solution is desirable 
in only a very few cases. 


(4) NORMAL SERVICE CONDITIONS 


The individual semiconductor cell is a low-power device, and 
large numbers are required in series and parallel for large powers. 
Half-wave circuits are usually employed where the maximum 
voltage of one cell permits, but for higher voltages bridge circuits, 
with their smaller and cheaper transformers, are almost universal. 


(4.1) Series Connection of Rectifier Cells 


Fig. 5(a) shows series strings connected in parallel in one arm 
of a rectifier. Some manufacturers ensure correct distribution 
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Fig. 5.—Series and parallel connections of rectifier cells. 


of reverse voltage by connecting a small resistor across each cell; 
others use arrangements of transformers;!® but it is often 
possible to grade cells so as to eliminate all aids to voltage 
sharing. !2 


(4.2) Parallel Connection of Rectifier Cells 


For equipments employing one series rectifier cell per arm, 
or connected as Fig. 5(b), special care is necessary to ensure good 
current sharing between the parallel rectifier cells. The usual 
practice is to grade the cells.'4 Some writers recommend the 
universal use of current-balancing reactors.!! It is essential 
to ensure good current sharing between cells on overload as 
well as on norma] load. 

Current sharing between the strings shown in Fig. 5(a) is good, 
since the characteristics average out. 


(4.3) Series-Parallel Connection of Rectifier Cells 


Fig. 5(a) and 5(b) show two possible connections. Those in 
Fig. 5(a) are generally cheaper, and current sharing between 
parallel strings requires smal] derating factors on current; those 
in Fig. 5(b) allow detection of a single cell failure without blowing 
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fuses, but an extra group of cells in series is required in each 
arm for continued operation with a faulty cell. 


(5) FAULT CONDITIONS 


Rectifier cells can fail either by over-voltage or over-current 
(see Sections 2 and 3). Typical survival curves are shown in 
Fig. 4. 

External faults on an equipment can cause over-currents. 
Internal faults such as the backfire of a rectifier cell also cause 
over-currents in healthy cells. All external faults, if not dealt 
with correctly may cause breakdown of one or more rectifier 
cells, and turn the external fault into an internal fault. After 
a backfire the faulty cell is of no further value, but it is essential 
either to disconnect it or disconnect the whole equipment to 
prevent further damage. 


(5.1) The Backfire Fault 


When a rectifier cell fails to withstand the reverse voltage (i.e. 
backfires) at the end of its conduction period, it becomes short- 
circuited. Fig. 6 shows a 3-phase bridge circuit in which rectifier 
1 has failed at the end of its normal conduction period at time ¢;. 
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Fig. 6.—Backfire fault conditions in 3-phase bridge circuit. 


This imposes a line-to-line fault on the transformer through 
rectifier 3 until time 4. At this instant rectifier 5 will conduct, 
and a 3-phase fault occurs with zero output volts until time /3, 
when the current in rectifier 3 becomes zero. From 13 to f4 the 
line-to-line fault involves rectifiers 1 and 5, with rectifier 3 
withstanding an inverse voltage. From f, until the end of the 
cycle conditions are normal and the circuit shows no fault. 
The instant ft; is determined by the resistance/reactance ratio 
of the circuit and the detailed equations are set out in Sec- 
tion 13.1. Fig. 7 gives a set of curves for calculation of backfire 
currents. 

A rectifier cell failure during conduction still appears as a 
backfire fault at the end of conduction. These faults produce 
the highest peak currents, and require either that the busbars 
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Fig. 7.—Curves for calculating backfire fault currents. 


Base current for double star: 58/a/X % | 
Base current for 3-phase bridge: 116fy/X%, 

Actual current = Na, etc., times base current. 

J;m = Peak current in backfiring rectifier. 

I3,7 = Peak current in rectifier 3. 

Isy = Peak current in rectifier 5. 
J;2 = Current in rectifiers | and 3 at fo. 
Kp = Asymmetry factor during backfire. 


N.B. The curves give peak currents during the first cycle of fault current, 


and transformer windings shaJ] be mechanically strong enough 
to withstand the forces involved or that the protective device 
shall limit the fault current. Semiconductor rectifiers require 
fault removal in about 5 millisec to prevent the fault spreading. 
This ensures that peak prospective fault currents never flow in 
practice. 

The 3-phase double-star circuit is similar in action to the 
bridge, except that when the load is regenerative the current is’ 
increased in the faulty rectifier and decreased in the rectifiers, 
feeding into the fault. 

For single-phase circuits, backfires behave as intermittent 
short-circuits between line terminals, and can be calculated by 
ordinary a.c. system theory. 


(5.2) Effect of Series-Parallel Connection of Cells under 
Fault Conditions 


(a) One Rectifier Cell per Arm (Fig. 6).—There are initially 
equal currents in rectifiers | and 3, and if individual fuses are 
used it is likely that two fuses will blow. 

(b) Many Rectifier Cells in Parallel per Arm (Fig. 5(a)].—Back- 
fire occurs when a complete string fails. The resultant current 
is concentrated in one string. The current fed in from the 
healthy rectifier arm is shared between many fuses and rectifier 
cells. Only one fuse blows. Action taken when a fuse blows 
will depend on the size of the equipment (Section 9). 

(c) Parallel Groups of Cells connected in Series (Fig. 5(b)].—A 
failure of one cell to short-circuit produces no fault current, but 
redistributes the reverse voltage among the healthy cells. Con- 
tinued operation is satisfactory provided that one extra group of 
cells in series has been provided in each arm. 


(5.3) Calculation of Prospective Peak Backfire Currents 


The currents in the circuit shown in Fig. 6 have been calculated 
for two cases as follow: 


(a) Consider a 3-phase bridge of six rectifier cells, in which each 
rectifier cell and fuse has a resistance of 100 microhms. 

Nominal output: 50 volts, 700 amp. 

Transformer input: 38- SKVA, 

Transformer leakage reactance: 6%. 

Transformer resistance: 3%. 

Transformer secondary line voltage: 40-8 volts (23:5 volts/phase). 


9\The base current of Fig. 7 is: 


Steady-state peak output current on short-circuit: 13-5kA. 
Peak prospective current in phase 1: 15-9kA (backfire). 
Actual current in phase 1 after 5 millisec: 10kA at to. 


) () Now consider ten such bridges in parallel, with a backfire of 
“one cell. The nominal output is then 50 volts and 7kA. 


| _ With the same resistance/reactance ratio and secondary voltage, 
» the corresponding currents are 


Steady-state peak output current on short-circuit: 135 kA. 
Peak Prospective current in phase 1: 115 kA (backfire). 
Actual current in phase 1 after 5 millisec: 96kA (backfire) at fo. 


| The new prospective fault current is seven times, not ten times, 

ge old value, since the fault is all concentrated in one fuse and 
airing of cells. In practice, currents are further reduced, since 
Jcount has not been taken of the extra resistance introduced by 
oncentrating all the fault current on one rectifier cell and its 
Sssociated busbars instead of ten in parallel. 


(5.4) D.C. System Short-circuits 


) The backfire fault is easy to clear. The most critical fault is 
short-circuit on the output just too small to operate the pro- 
ction during the first conduction period. In Fig. 4, fuse B 
ves complete protection even to a d.c. short-circuit imposed 
faring a heavy overload. Fuse A is adequate for backfire pro- 
ction, but does not always protect against a d.c. short-circuit. 
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fig. 8.—Current oscillograms on d.c, fault with one cell backfiring and 
a fuse giving only partial protection (see Section 5.4). 


| Fig. 8 shows the current when a d.c. fault was applied to the 
bridge in Fig. 6, using fuse A, when rectifier 3 was conducting. 
[he junction temperature of rectifier 3 reached 158n@:sthevfuse 
tid not clear before the end of conduction, the cell backfired 
when the reverse voltage was applied, and the fuse cleared 
juring the reverse voltage period. Rectifier 5 received a full 
gulse of fault current, but of lower peak value than that of 
-ectifier 3; its junction temperature was lower, the fuse cleared, 
ao reverse voltage was applied and the cell survived. Fuse B 
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is the correct type. Insufficient investigation could lead to the 
use of fuse A and a false sense of security. 

Rectifier cells in parallel must share overload and fault currents 
correctly, but no other special precautions are necessary for 
series and parallel connections of many rectifier cells. 


(5.5) D.C. System Overloads 


Cell protective fuses may generally be permitted to blow under 
the rare conditions of a d.c. short-circuit, since a serious break- 
down is thereby avoided. Fuse blowing must be prevented 
during normal overloads (see Section 8). 


(6) PREDICTION OF PROTECTION REQUIREMENTS 


Fuses are blown by the energy required to melt the silver 
elements, the energy being a function of the r.m.s. current.!7 


Energy = f vidt joules. 
In a resistive circuit v = iR 
and energy = Rf dt = RIZsT. . . . () 


Heat is generated in a semiconductor rectifier during the 
reverse-voltage period by the leakage current. This is usually 
negligible compared with the forward loss. During forward 
conduction there is a voltage drop, which is about 0-6 volt for 
germanium and 1-2 volts for silicon. 


Energy loss in rectifier = f vidt joules 


It is sufficiently accurate to assume the voltage to be constant, 
so that 
Enerey loss’=0" fudr= "vO joules™ = 3 2 (2) 


QO is the quantity of electricity passed through the crystal. 
The temperature of the crystal is a function of Q and hence of 
the mean current. 

For times less than 10 millisec the fuse and rectifier can be 
matched by comparison between the r.m.s. and mean values of 
the current through them. 

The shape and magnitude of the pulse which the rectifier can 
withstand is determined experimentally, and a fuse is chosen 
which blows ahead of the rectifier (Fig. 4). 

The relationship between the mean and r.m.s. values of 
current pulses is required. Under fault conditions the current 
pulses will usually be sinusoidal in form, with varying asymmetry. 
Section 13.2 gives the relations for unidirectional half-sine-wave 
pulses and fully displaced sinusoidal waveform as 


Lng = OC K and Te P= 1S Ky oes Ha) 
O K, 
Hence d hens TK (4) 


so that f i7dt can be determined. 

Alternatively, the fuse cut-off current can be determined. In 
addition to the energy required to melt the fuse element, arc 
energy will be let through by the fuse, and a margin must be 
allowed for this.!7 Full-scale tests must be applied because of 
the complicated heat dissipation of rectifiers and fuses. Rectifier 
thermal characteristics can be studied with the analogue.’ If 
the energy required to destroy the cell and the reverse-voltage 
failure limit depend on junction temperature, prediction of the 
fuse requirements becomes possible. 


(6.1) Fuse Arc Voltages 


Fig. 9 shows typical rectifier-cell voltages in a 3-phase bridge 
circuit when a fuse in one arm blows. Voltage spikes are 
produced. If the fuses are placed in the a.c. lines feeding a 
single bridge (Fig. 12, case 3), this effect is considerably reduced, 
but the current rating is 1/2 times that for fuses in the arms. 
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Fig. 9.—Voltages in a 3-phase bridge circuit during fuse blowing. 


Where several bridges with their own line fuses are connected 
in parallel, fuse arc voltages appear across healthy rectifier cells 
as with other connections. 

Fuses in series with rectifier cells (Fig. 12, case 1) remove the 
d.c. system short-circuit if rectifier cells in two opposite arms fail 
simultaneously. This failure is unlikely, but with many equip- 
ments in parallel or a load composed of motors or electrolytic 
cells with inherent back-e.m.f.’s, its importance cannot be 
ignored, since many semiconductor installations operate without 
d.c. circuit-breakers. 

A satisfactory protective fuse must clear on fault without 
producing excessive over-voltages liable to damage healthy recti- 
fier cells. 


(7) H.R.C. FUSES FOR SEMICONDUCTOR PROTECTION 


The foregoing discussion has shown that the special h.r.c. fuse 
satisfies most requirements for the protection of semiconductor 
rectifier cells. 
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(7.1) Fuse Requirements for Semiconductor Rectifiers 


(a) High rupturing capacity is necessary to interrupt high faul 
currents (Section 5). ary , ‘ : 
(b) Fuse must limit the total energy dissipated in the rectifier cell 
during a fault to a safe value (Section 3.3.1). alt 
(c) Peak let-through current during a fault must be limited to a 
safe value (Figs. 4 and 10). ; we 7. 
(d) Fuse arc voltage must not exceed the withstand limit of t 
rectifier cell (Section 6.1). : ; ‘ 
(e) The fuse must carry full load current indefinitely withow 
deterioration. ; . 
(f) The fuse must be small for mounting near rectifier cells. I 
(g) Fuse characteristics must be capable of co-ordination witl 
the time/current characteristics of other protective devices. ; 
It is found that the industrial h.r.c. fuse does not generall 
satisfy these requirements, owing to its high arc voltage anc 
excessive let-through current and energy. 
In a few very small equipments industrial fuses can be placed 
in the input to a complete bridge where the fuse are voltage is 


unimportant (see Section 6.1 and Fig. 12). 


(7.2) H.R.C. Fuses for Semiconductor Rectifiers 


Special fuses have been developed which satisfy the require. 
ments of Section 7.1 using the essential features of the industria! 
h.r.c. fuse. The fuse protects the rectifier cell, has Jimited are 
voltage and is cooled to give the highest continuous curren? 
rating. Table 1 gives some typical characteristics. For an 
rectifier cell, one fuse will just give protection, irrespective oF 
cel] loading. Fuses are not used as protection against small 
overloads. If cell rating increases, by improvement in cooling, 
there is little change in the peak currents causing failure, and 
the same fuse is used. Eventually the rated currents of rectifier 
and fuse approach one another, and cell overloads must be 
restricted because of the fuse. For these and other reasons 
there is a limit to the increase of rating obtainable by improved 
cooling. 


(7.3) Current Limitation and Speed of Operation 


In Section 6 it was shown that, if the survival limit of the semi- 
conductor rectifier cell can be given in terms of the let-through 
energy and peak current, a fuse can be designed to give protection 
against faults. The provision of adequate rupturing capacity 
has not proved difficult in practice. 

The peak let-through current is determined by the circuit and 
the pre-arcing characteristic of the fuse,'!? which is a function of 
fuse design. It is therefore possible to predetermine the maxi- 
mum peak let-through current and to confirm this by test. The 
peak let-through current is adequately limited only if the rated 


Table 1 


CHARACTERISTICS OF TYPICAL FUSES FOR SEMICONDUCTOR RECTIFIERS 


Peak inverse Nominal r.m.s. 


Arc voltage 


Let-through values at maximum applied voltage, 
and prospective current at 0-3 power factor lagging 


voltage rating current rating Pap 
Minimum 
value 


At maximum 


rated voltage Peak current 


Total f i2dt 


Total f idt 


volts kA 
225 
225 
450 
450 
675 
675 


amp2-sec x 103 coulombs 


The peak asymmetrical prospective currents are as follows: 
Aand B: 70kA, 


Cand D: 150kA. 
E and F: 200kA. 
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(d1) 5-cycle circuit-breaker and CAG12 fast relay. 

(d3) 10-cycle circuit breaker and CAG12 fast relay. 
(e) Tripping characteristics of high-speed d.c. circuit-breaker 

(el) Direct trip. 

(e2) With fast-relay trip (CAG12). 


(g) Approximate tripping characteristic of short-circuiter. 


use working voltage is not exceeded. If the semiconductorfuse 
5 used in a circuit of too high a voltage, there is an increase 
if arcing time, consequent increasing /t and a failure to protect 
he rectifier cell. 


(8) CO-ORDINATION OF OVERALL PROTECTION 


The preceding Sections have discussed the characteristics of 
hemiconductor rectifiers, the hazards to which they are exposed 
ind the means of protection. Overall protective requirements 
yire examined below. 


i 


(8.1) Internal Faults 


' With series strings of cells [see Fig. 5(a)] one correctly chosen 
j use per string gives complete protection. Failure of one string 
Df cells blows this fuse, but there is no risk to fuses or cells in 
p ther arms of the rectifier, except in very small equipments con- 
/aining only one string of cells per rectifier arm. 

| In Fig. 5(d) the failure of a rectifier cell-short-circuits the parallel 
zroup, and the reverse voltage is redistributed among the healthy 
groups. Individual rectifier cel] fuses are useless, but a fuse can 
be either in the arm of the rectifier or on the input to the complete 
equipment to give overall protection. One extra group in series 
in each rectifier arm is required to prevent excessive reverse 
voltages on surviving cells following the failure of a single cell. 
ips (8.2) External Faults 

The guiding principle is that fuses blow only as a last resort, 
abnormal! overloads and faults on the equipment being cleared 
by other means. The destruction of rectifier fuses simply because 
of a limited over-current must not occur. 

Overall protection for all faults without unnecessary interrup- 
tion of the load is achieved by co-ordinating the characteristics 
of the distribution system (whether this contains feeder circuit- 
breakers or fuses), the main output circuit-breaker (assuming one 
is used), the rectifier cell fuses, and the a.c. circuit-breaker and 
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Fig. 10.—Co-ordination of complete over-current protection system for a typical semiconductor rectifier equipment. 


The curves apply to the silicon cell of lowest quality acceptable for duty to B.S. 1698, class II. 
(a) Survival curve for worst acceptable rectifier cell; the fuse survival curve should be just below this. 
(6) 1.D.M.T. relay (extremely inverse type CDG14) and circuit-breaker tripping curve. 
(c) Minimum trip current on instantaneous relay (three times full load). 
(d) Tripping characteristics of various relay and a.c. circuit-breaker combinations. 
(d2) 5-cycle circuit-breaker and CAG14 stabilized relay. 


(d4) 10-cycle circuit breaker and CAG14 stabilized relay. 


(f) First-cycle fault-current waves with maximum possible asymmetry for different supply reactances (drawn for R/X = 0°25). 


short-circuiter (if used). Fig. 10 gives a co-ordinated protection 
curve. 


(8.3) Voltage Surges 


The rectifier cell must be capable of withstanding a voltage 
above its normal recurrent peak inverse voltage, and the safety 
margin co-ordinated with surge prevention methods as discussed 
in Section 2.3. Fig. 11 shows some methods of surge-voltage 
prevention. 


(9) PROTECTION IN PRACTICE 


Fuses give satisfactory protection for semiconductor rectifier 
cells. Indicating striker-pin fuses are connected across the main 
fuse groups. When the main fuse clears, current is diverted 
through the small fuse, melts its element and a spring ejects a 
small striker pin. This pin operates a microswitch which can 
either give an alarm or trip the equipment. This system of 
warning is cheap. 

It is not necessary to change fuses while the equipment is 
working, but rectifiers have been made with sections with- 
drawable under load, so that servicing can be carried out without 
interruption of output. 

For small equipments the blowing of a fuse is made to trip 
the equipment. It is obvious that with only one, two or three 
parallel paths per rectifier arm, severe overloading of the remain- 
ing rectifier cells would occur if the equipment was not switched 
off. In large installations with many rectifier cells in parallel 
a warning of rectifier cell failure is adequate and allows the 
operator to replace the faulty cells when convenient. In border- 
line cases, methods are used by which the failure of one or more 
rectifier cells modifies the protective relay system and compels 
the operator to reduce load. 


(9.1) General-Purpose Power Supplies 


D.C. power supplies for factories, steelworks, docks, etc., 
usually have variable loads with frequent overloads. Main- 
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Fig. 11.—Methods of surge-voltage protection. 


A Surge diverters for lightning protection. sea 
Alternative protection against switching surges 

B Earth screen. : due to capacitive coupling between transformer 

C Low-inductance capacitors. windings 

D Capacitors for hole-storage and transformer-switching-surge protection. 

E RC circuit to absorb magnetic energy (see Section 13.3). 


tenance of supply is often vital, even though system short-circuits 
may occur. 

In many systems the rectifier feeds the d.c. busbars through 
an isolator without any main d.c. circuit-breaker. The feeders 
would be supplied either through small feeder circuit-breakers 
or h.r.c. fuses. Where the percentage of total power on any one 
feeder is not too high, the risk of blown rectifier fuses is 
negligible, and the only case where this is likely to happen is 
with a direct short-circuit on the rectifier output. The equip- 
ment is constructed to render this unlikely. A small but 
important point is to see that busbars cannot be bridged by 
vermin. 

It is usual to set the a.c. circuit-breaker instantaneous trip at 
34-4 times full load current, and use an i.d.m.t. relay to prevent 
long-term overloads. With these trip settings, measures may be 
necessary to prevent undesired trips by magnetizing inrush 
currents. 

D.C. circuit-breakers are sometimes essential, and the risk of 
arc chopping with production of voltage surges has to be faced. 
To overcome this, a capacitor is connected across the output of 
the rectifier with resistance in series (Section 13.3.1 and Fig. 11). 
This is chosen to give any degree of voltage rise upon chopping 
the load current, and the resistance eliminates any voltage 
build-up due to resonances. For medium-voltage power sup- 
plies an electrolytic capacitor is satisfactory. 

Some motors have regenerative braking, and when there is 
no other load on the system, a loading resistor switched in by 
over-voltage relays prevents dangerous voltage rises.> 

For operation of semiconductor rectifiers in parallel with 
mercury-arc rectifiers, the semiconductor fuses may blow if a 
backfire occurs in the valve. Circuit-breakers are not fast 
enough to overcome this when low-reactance transformers are 
used, but satisfactory discrimination can be obtained if the 
mercury-arc rectifier is fitted with anode fuses. 

If a semiconductor rectifier is operated in parallel with a 
mechanical rectifier, the short-circuiter gives such fast protection 
that the only solution is either to increase the reactance of the 
semiconductor equipment and then to rely on a circuit-breaker, 
or to use a short-circuiter on the semiconductor (Fig. 13). 


(9.2) Furnace and Welding Loads 


D.C. arc furnaces and welding equipment present special 
problems. Short-circuits are frequent, and the equipment must 
have a high reactance or be transductor (saturable reactor) con- 
trolled for operation down to short-circuit. Precautions are 
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necessary in the design of transductor circuits to prevent severe 
surges of current or voltage. 

Voltage rises due to chopping of the arc can be limited to_a 
safe value by an RC circuit as shown in Fig. 11. The basis of 
calculation is given in Section 13.3. 


(9.3) Electrolytic Loads * 


Loads are usually steady, and major short-circuits rare. D.C, 
circuit-breakers are often omitted, since rectifier cell fuses elimi- 
nate the possibility of a sustained short-circuit across the output 
busbars. Ordinary overloads can be cleared by the a.c. circuit- 
breakers. These installations are usually large, often supplied 
by e.h.v. overhead lines, and surge protection is necessary against 
damage due to lightning. 

Industrial electroplating loads are similar in characteristic, but 
simpler, since only one equipment is involved and the lightning 
hazard does not usually exist. There is a risk of short-circuits 
on the output, but in practice these are of low current and 
hardly ever blow rectifier fuses. 


(9.4) Alternator Excitation 


These loads are free from voltage surges, and a short-circuit 
on the rectifier output is so rare that protection against it is 
not required. A shut-down is most undesirable, and rectifier 
sections are frequently made withdrawable under load for 
servicing. 

With conventional alternators the rectifier can be Coan 
direct to the field slip-rings without any circuit-breaker. It ther 
provides a discharge path for the stored magnetic energy in 
the field, with almost its inherent time-constant. When the 
stator of an alternator is subjected to a short-circuit, a heavy 
50c/s current surge occurs in the excitation windings. The 
rectifier must be designed to withstand this surge without harm. 
These rectifiers can be supplied by an alternator exciter mounted 
on an extension of the main alternator shaft. 

In the brushless alternator the rectifiers are mounted on the 
shaft. The exciter alternator has rotating a.c. windings and @ 
stationary field system. Centrifugal accelerations may be Jarge 
—up to 1000g or over. The electrical requirements including 
those of reliability are the same as for the conventional alternator. 


(9.5) Slip-Energy Recovery 


This is a system in which a bridge-connected rectifier replaces 
the rotor resistance of a slip-ring motor. The rectifier output 
supplies the armature of a d.c. motor mounted on the same shaft 
as the rotor. The rectifier-motor combination appears as a 
variable resistance when seen from the rotor. Speed control 
is obtained, and the power absorbed from the rotor is returned 
to the shaft via the rectifier and motor armature. The risk of 
voltage and current surges is small. Precautions are taken to 
disconnect the rectifier should the rotor e.m.f. become too high 
through mishandling of the control gear. 


(9.6) Traction 


In some a.c. traction systems a high-voltage overhead line 
supplies transformers, rectifiers and control gear mounted on 
the locomotive or motor coaches. The semiconductor rectifier 
is steadily supplanting the mercury-arc rectifier for this duty. 
It is undesirable to use large numbers of fuses, and there is 
some preference for the cell connections in Fig. 5(5) with the 
number of fuses kept to two per single-phase bridge. Cell 
failures can be detected, and replacements carried out, in the 
running sheds. The rectifiers and circuit-breakers must be 
designed to withstand the over-currents resulting from motor 
flashovers without the blowing of any fuse. 


The overhead lines are liable to voltage surges due to lightning, 
(jad the rectifiers must be designed with both sufficient voltage 
jargin and surge-voltage limiting devices. 


(9.7) Miscellaneous Loads 


' It is impossible to catalogue all the varied loads in detail, 
) ach of which has its own protective requirement. 

18 Battery-charging installations tend to employ rectifiers with 
: hort-circuit current limited by ballast reactance. Only backfire 
@jrotection need be considered. There is a small risk of a battery 
giz ing connected with incorrect polarity, so that fuses in rectifier 
rms give satisfactory overall protection. Engine-starting, 
Switch-closing and surge-absorption rectifiers must be designed 
1) withstand heavy overload currents. 


(10) CONCLUSIONS 

@ The utilization of the new semiconductor rectifiers requires 
lrotection against over-currents and over-voltages. For pro- 
y:ction against internal faults, such as the backfire of a rectifier 
ell, or ultimate protection in case of a direct short-circuit on 
ye equipment output, the h.r.c. current-limiting fuse offers a 
lfatisfactory solution. A protective system using fuses can be 

evised for most applications still allowing the use of normal 
Neactance in the transformers. By the proper placing of fuses 
h) the circuits, d.c. circuit-breakers can often be eliminated. 
he clearing times of all devices needs careful co-ordination, 
s shown in Fig. 10. 
For over-voltage protection it is essential to protect against 
ole-storage voltages, transformer switching surges and in some 
ases chopping of the load current either by d.c. circuit-breakers 
r by special loads. For installations fed by overhead lines it 
essential to protect against lightning by means of surge 
‘liverters, and to provide an adequate voltage margin in the 
Nectifier cells. When all the protective systems are co-ordinated 
»xcellent continuity of power supply can be assured, and at the 
ame time the protective system need not impose any serious 
‘imitation on the use of semiconductor rectifiers. 
} The nomogram, Fig. 19, gives values of C and R for the 
surge-suppression circuit shown in Fig. 18; values are discussed 
in Section 13.3. 
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(13) APPENDICES 


List of Symbols 


C = Capacitance. 
i = Instantaneous current (subscript denotes phase number). 
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f = Peak current. 
I, = Secondary current (r.m.s.). 
= Mean current. 
IE.ms = R.M.S. current. 
I, = Output current. 
Ky, = Ratio between mean and peak current. 
K, = Ratio between r.m.s. and peak currents. 
K = Ratio between normal voltage and permissible rise in 
voltage. 
L = Inductance. 
M = Percentage magnetizing current at full load. 
ml, = Magnetizing current referred to secondary. 
p = Fractional load. 
R = Resistance. 
R, = Equivalent load resistance. 
?— Pmme: 
v = Instantaneous voltage. 
V, = Secondary r.m.s. voltage. 
V, = Output direct voltage. 
w = 2nf = Angular frequency. 
¢ = arc tan wL/R. 


I 


sa 


Other symbols are explained in the text, as they arise. 


(13.1) Backfire Fault Currents in a 3-Phase Bridge (Fig. 6) 
(13.1.1) First Mode: 2-Phase Fault. 


Consider backfire commencing at the instant fg when 7) = ¥3. 
During overlapping and subsequently, 


v, = (\/2)V cos (wt z 5) 
(5) 
V2 = (/2)V cos (wt - 5) | 


Neglecting voltage drops, the voltage between neutral point of 
the transformer and the d.c. busbar will be: 


v v 2 
Pop alll Bg gy syd hee ca (O) 
2 2 
The equation for the circuit is 
di, 

Lt + Rif = 04-4 = (V2)V sin 5 sin wt . aa 

which gives (¢ = 0 when i; = Ip) 

; Gn ; 
i= = = [sin (wt — $) + sin de~RIL] — Ipe- RIL | (8) 


The last factor is generally small compared with the first, and 
can be ignored. The current in arm 3 is equal to that in arm 1, 
so that 


. ; pare. : 
Tila Hie ap zlsin (wt — d) + singe RZ] . (9) 
This condition exists until rectifier 5 starts to conduct, i.e. 
when wt = 7/2. 
(13.1.2) Second Mode: 3-Phase Fault. 
It is convenient to redefine the zero time for this mode. The 
instantaneous phase voltages are 
v1 = \/2)V cos (wt + 57/6) 
V3 = (o/2)V cos (wt + 7/6) PS ee A) 
Vs = (4/2)V cos (wt — m/2) 


rai 


FUSE ARC LLY YFUSE ARC : 


FUSE ARC 
— + 


BACKEIRING 
CEES 


CASE, 3 


Fig. 12.—Location of fuse arc voltages in a 3-phase bridge. 


Case 1: Fuses in rectifier arm (complete protection). 
(a) Fuse clears on over-current. 

(6) Fuse clears on backfire. 

Case 2: Fuse or circuit-breaker in d.c. output. 
Protection only against d.c. over-current. 

Case 3: Fuse or circuit-breaker in a. c. input. 
Complete protection but discrimination worse than case 1. 
(a) Fuse clears on over-current. 

(6) Fuse clears on backfire. 

Rectifiers shown solid are those carrying current. 

V indicates cells subject to severe voltage stress. 


Re EE 


The current in phase 1 must now satisfy 
ait 


Lat + Rij = — (V2)V cos (wt + 57/6) 


which gives 

rif 2 

ii = — Y27 [cos (wt + Sal6 — $) 
+ cos (Sa/6 — d)e~RAE] +) 7 eT RIL ie 

where i; is given by eqn. (8) with t = 7/2w. Similarly, 


z= sel W [cos (wt + 7/6 — d) — cos (7/6 — de RE] 
+ ie-RIL | (12) 
v -V 4 eon 
and is = [cos (wt — 7/2 — ¢) — sin de~R#L] | (13) 


This mode of operation is terminated when the current ir 
phase 3 falls to zero. The most convenient way to determine 
this time is to insert the circuit constants into the equations fot 
increasing values of time. It is a laborious process but can be 
quickly performed by digital computers. 


(13.1.3) Third Mode: 2-Phase Short-Circuit. 


When the current in phase 3 reaches zero it cannot reverse 
owing to the presence of a healthy rectifier in that phase. The 


esa 
x CON TIC 


Pon 


+ = 


Fig. 13.—Typical connection of a short-circuiter. 


alt therefore reverts to a 2-phase short-circuit in phases 1 and 5. 

jie time of commencement of mode 3 is #3, which is p seconds 

iter v3; passes through zero (see Fig. 6). Hence it can be shown 
at 


| = Bee = [cos (wt + p — $) — cos (p — de RIE] 4. ie RHEL 
(14) 


where i,” is the final value of current i’ in mode 2. Since two 
Siases only are involved, i;° = — ij’. This third mode ter- 
inates when i; falls to zero. At this instant the voltage in 
1ase 1 is positive, which corresponds to its normal conducting 


ne. 


13.1.4) Fourth Mode: Normal Operation Resumed. 


'The normal direct output voltage therefore appears, and 
yase 1 will pass current through the load until the voltage of 
vase 3 again exceeds the voltage of phase 1. The cycle of 
wents already described is then repeated in the second and 
jtbsequent cycles. 


(13.2) Mean and R.M.S. Values for Periodic Waves 
13.2.1) Mean Values of Sinusoidal Waves. 


| The general equation to a sine wave of current, including the 
witch-in transient, is 


i = [[sin (wt — $) + sin eR] . (15) 


{ Therefore, for ¢ seconds, 


I Dean 


ae i —RtL 
- a [sin (wt — f) + sin de-R"Z]at 
to 


= “feos fh — cos (wt — $)] + = sin d(1 — emi) 


If ¢ = 0, cos¢ = 1, wt = 0, ie. the fully symmetrical sine 
yave, then 


(16) 


' f, mean 


== La — cos wf) 
wt 


nd if 6 = 7/2, cos d = 0, R = 0, ie. fully displaced sine wave, 
hen 


cos (wt — en (17) 


| Tneah z= ia — wt 
7 
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Jn eqns. (16) and (17) Inean = [Kjy. Therefore 
Ky = a — cos wf) (18) 
for a symmetrical half-sine-wave pulse lasting 7 radians 
and cpg ee ie (19 


for a fully displaced symmetrical wave. 
The rectifier cells and fuses conduct only half sine waves, and 
the value of Kj, for such times of pulses is determined as follows: 
The value of Ky, at the end of the first pulse is 


1 
Kun = ne — COS wt) => es 
and during the succeeding half-cycle it falls to 


ty 
Ky2 = Kur, 


During the next half-cycle current is conducted, so that the 
mean value at the end of the pulse is proportional to Ky,3, where 


t ft, —t 
Ky3 = Kyo > fe Kui(? j 2) 
3 3 


1 


and Ky, = re naa 


— cos w(t; — f)] 


The general form is then 


Kan = Kas (!) + Ru 8) 


for odd values of x, 


(20) 


and 


t 
vn = Ki (2)... + @D 
for even values of n. 
By using these identities the values of Kjy,/t have been deter- 
mined and are plotted for symmetrical sine waves in Figs. 14 
and 15 and for fully displaced sine waves in Fig. 16. 


O8 
0246810 20 30 40 
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Fig. 14 


i = Rectifier current plotted to an arbitrary scale. 
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246810 20 30 40 
TIME, MILLISEC 


Fig. 15 


= Rectifier current plotted to an arbitrary scale. 


\ 
ie) eet a eee ae a 
024686810 20 
TIME, MILLISECS 
Fig. 16 


i = Rectifier current plotted to an arbitrary scale. 


(13.2.2) R.M.S. Values of Sinusoidal Waves. 
The r.m.s. value of the general sine wave of current is given by 


f2 °° 1/2 
Lims = fe I, [sin (wt — p) + sin o-aunpai\ 


S|, ans _sin2@t—-¢) L sinh — 2 RHE) 


4wt 4wt 2Rt 


.2 sin? de-RIEL sin wt |! 
~ — 7) 
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a ae 


7 


If 6 = 0, cos = 1, w =O, i.e. fully symmetrical sine wave, 


1 sin 2wt\1/2 
+i) 


and if 6 = 7/2, cos ¢ =0, R = 0, i.e. fully displaced sine wave, 
. ods . 1/2 7 
ios 1/3 _ sin 2(wt a2) _ sin a ey; 


In eqns. (23) and (24), Ims = IK, Therefore, for symmetrical 
sine waves, 


K= 


y 4wt 


( sin i 


and for fully displaced sine waves, 
K= E _ sin wt — 7/2) _ sin = . e 


These values can be treated in the same way as Ky, for trai 
of waves. 

The values of K, have been calculated and are plotted in 
Figs. 14, 15 and 16. 
(13.2.3) Mean Values of Square-Wave Pulses. 

The mean value of square wave pulses is given by : 


t 
dnean = ee 


Where ¢, = Conduction time. 
i otalatine: 
f = Peak value of current pulse. 


ie; Ky =t|T Qn 


The variation of Ky, with time is plotted in Fig. 17 for cyclic 
square-wave pulses of 120° duration. [ 


ie) 
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Fig. 17 


i = Rectifier current plotted to an arbitrary scale. 


(13.2.4) R.M.S. Values of Square-Wave Pulses. 


t 
soe 

t 
K =e 


The variation of K, with time is plotted in Fig. 17 for cyclic 
square-wave pulses of 120° duration. 


Therefore (28) 


43.2.5) Relationship between Quantity of Electricity and R.M.S. 
Current. 


Q a | Bape & = [KyT 
Lims = Kf 


so that O = J, Kup 


rms 


(29) 


(13.3) Control of Voltage Surges 


# Dangerous voltage rises on any rectifier equipment can be 
used by (a) chopping of the load current, (6) switching out 
lie transformer with rectifier on open-circuit, (c) and switching 
dh the transformer (especially on an unloaded rectifier). A 
yrpacitor and resistor in series connected across the rectifier 
atput will prevent these voltage rises becoming dangerous. 
be requirements are examined below for a bridge-connected 
ctifier (see Fig. 18). Assume ‘rectangular’ currents in the 
ictifier. The capacitor will be charged initially to V, volts: 
Ow it to charge to KV, volts. 

Regulation and the peak/mean voltage ratio at the output 
ave been neglected, since the two effects are almost self- 
*ancelling in practice. 


Fig. 18 


13.3.1) Voltage Rises due to Load-Current Chopping. 

Assume that a rectifier equipment is delivering power when 
he load is suddenly chopped. The energy stored in the trans- 
ormer leakage field will be transferred to any electric field 
resent, and may cause a dangerous voltage rise if the capacitance 
13 too small. 

Energy stored per line at peak current = 4Lp7/3 joules. 

} Initial energy in capacitor = 4CV2, joules. 

+ Final energy in capacitor = 4CK*V3 joules. 


The worst case is if the current is chopped when two lines 
jie carrying peak current. 

Then, neglecting resistance loss, 

2[3Lp717] = 4CV7{(K? — 1) 

pee 2 aN a oe p 
(K2 — 1)\ Vy (K2 — 1) R% 
| Now, in a 3-phase bridge, if X is the percentage reactance at 
Jul load, 


(30) 


4/2 TwL 
| Vets itn Ia, 7 and X¥ = VJy3 100 per cent 
| Where X, , I, and V, refer to rated full load when p = 1. 
x Vz 1 OE XRq 
= oO or 

Be 1004/30 Ips nd 9lcoudys 1910 
| cz ded oa 
Therefore C. = (31) 


~ 791(K2 — 1) w Ry 


ie. the value of C depends only on load resistance R, for a given 
reactance and frequency. 
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Ve 
In terms of power P= — 
Ry 
Z De i 
c : (32) 


iG) os 
Breaking full-load current (p = 1) and allowing the capacitor 


to charge to 2V, (K = 2) with x =5% at full load gives values 
of C as follows: 


Capacitance 


Voltage 
at0-:25kA| at0O-5kA 


at1kA at4kA | at8kA 


Since C oc p* there is a drop in capacitor size for chopping at 
small currents. Also, C oc 1/(K* — 1), ie. the capacitor size 
increases if the voltage rise is severely limited. 


K as eee Scale Grveniaee)) Slop 165) Pl0)) Wes) Biol, 
Constant [= 1/(K? — 1)] © 1-78 0-8 0-33 0:19 0-125 
Relative capacitance.. co aon) P20L54 Nici (Wes) 23) 


(13.3.2) Switching out a Transformer with an Unloaded Rectifier. 

If the transformer is excited normally, the magnetizing current 
per phase is ml, amperes at V,/,\/3 volts referred to the 
secondary. 

Hence, if this current is deemed to be sinusoidal, 


V; 


V; 
Xu = mI ohms and Ly= PARTE henrys 


The maximum energy stored per phase is approximately 
thy (mI p/2)? = Lym’ I? 


so that the total energy is 14L,,m7J2. 

Assume that the magnetizing current is chopped infinitely 
suddenly and that all the energy is used to charge the capacitor 
from V, volts to KV, volts. 


Then 14Lym?l2 = 4CVPA(K2 — 1) 
Therefore 
Sie (nly De OnLy. /2 
= 5 I, = 1,5 . G3 
G (2-1) V3 RTE V2 since J, a7 (33) 


This is exactly comparable to the ‘leakage reactance’ formula 
with Ly, in place of L. 
Conversion to terms of V, and J, gives 


2 m I, 
~ 1:91(K?—-1) w Vz 


Cc 


e Meds farads . 


191(K? —1) w Vz oD 


This is comparable with the leakage reactance case where M, 
the percentage magnetizing current at full load, occurs instead 
of X, the percentage leakage reactance at full load. 
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Fig. 19.—Nomogram for surge-voltage suppression circuit. 


Draw line A through power and voltage values of the equipment on scales 6 and 7, thus obtaining the value of Rg on scale 5. 
Draw line B through leakage reactance value on scale 1, and the required value of K on scale 2 to the reference line 3. 


Then draw line C from the point on line 3 to the value of Rg on scale 5. 


This line then gives the value of C on scale 4. 


This is the value of C for p = 1; if p # 1 the value obtained must be multiplied by p2. 


(13.3.3) Prevention of Resonance and Shock Excitation. 
Resonance occurs at an angular frequency wo, when 


(35) 


ers 
2wol = Be ie. w2 = —— 


This assumes that the resonating circuit is composed of the 
leakage reactance in two phases together with the output 
capacitance. 

From eqn. (30), 


217 Ply ° 
a (K2 — 1) ]) (36) 
Daa 2 
or LG — ae ~( Va 


To prevent resonance building up, make R = 2woL = 1/wC, 
i.e. circuit Q-factor Qj) = 1. 
Then from eqns. (35) and (36), 
ie SAK pe, (37) 


Now consider the condition for shock excitation. 


2 
The dinnitine condition is that (=) > - 
472, 1/2 
Theref Rae Ge 
ereiore 7 C 


i.e. for critical damping 


R 
R = ~M2(K? — 1}? (38) 
But, for minimum RC voltage when switching in, 
R 
R= a x 0-4(K2 — 1)1/2 (39) 


Fig. 19 shows a nomogram calibrated in terms of R, for 
calculating the values of R and C deduced in this Appendix. 


(13.3.4) Permissible Values of R and C. 


In practice, R can be less than the ‘resonance’ value, since some 
overshoot of capacitor voltage is permissible. Imagine chopping 
full-load current with R = Ry. The initial inrush current, Ta, 
to the capacitor then produces a voltage drop RI, in the resistor 
equal to the full-load voltage, so that the initial voltage across 
the rectifier is twice normal. 


Generally, if the inrush current is pI, and the capacitor rises 
ti to KV, volts, the permitted value of R is given by 


PIR < V(K — 1) 


i. eu 
)) giving R< Ra since 74 mR ils liso .=.(40) 
it d 


ba The resistance must be large enough to carry the capacitive 
{ ripple current continuously. 

Of the four expressions for R, critical damping is always 
9 greatest, and above K =4/2 the condition for minimum 


) Switch-in voltage gives the least value. Below K = 1/2 the 
| 


‘Mr. J. A. Broughall: Railways need equipment which is 
‘ completely reliable and as simple as possible, and unless great 
j care is taken, the semiconductor rectifier—which has excellent 
© potentialities—may become too complicated. It is vital that 
| full use is made of the recent tremendous progress in the manu- 
| facture of these rectifiers, whereby the purity of the metals used 
) and the method by which they are joined together are not 2-3 
| times, but 1000 times, better than they were a few years ago. 
i This should permit the elimination of protective devices, so that 
) we may regard this rectifier exactly as we regard a switch: a 
) switch gives protection, but needs nothing to protect it. Simi- 
| larly, these rectifiers should need no protection after selection 
@ as the right type and size for the job. I am, of course, exag- 
) gerating a little in order to make my point, for traction applica- 
' tions demand some method of getting the engine away in the 
' event of failure of one component; but it would be a great 
mistake to fit surge diverters and other forms of protection on 
a traction rectifier. One of the major advantages of the semi- 
| conductor rectifier is that it needs neither preheating nor ignition 
circuits; having eliminated these, we do not want to substitute 
other devices. 

If this concept of rectifier usage is to succeed the user must 
state definitely the conditions with which the rectifier must 
comply in terms of the parameters which are important to 
| rectifier designers. Since these rectifiers have very short time- 
' constants and therefore no overload capacity, they form the 
weakest link in the chain—rectifier, transformer and motor. 
_ The whole installation must be dealt with as a unit, with both 
| sides knowing what they are doing. The user must determine 
| the operating conditions for the rectifier and the manufacturer 
must so make, grade and test the individual components of these 
rectifiers that they can be installed and forgotten. The paper 
suggests that we are not necessarily heading this way at the 
moment, and I should like the authors’ comments on this point 
' of view. How can we establish the parameters with which we 
are mutually concerned? We should not spoil an excellent 
_ concept by aiming for the minimum number of elements: it is 
_ much better to buy cells than auxiliaries. 
| Dr. W. G. Thompson: In common with many other forms of 

equipment, semiconductor rectifiers need ancillary apparatus to 

enable them to be worked closer to their limits, but much of the 
equipment used with these rectifiers is static. Some components, 
such as fuses, are expendable, while others, such as circuit- 
breakers, high-speed short-circuiting devices, fans and pumps, 
are active devices and it is necessary to ensure that the rectifier 

will still be safe in the event of failure or falling-off in performance 
of these active devices. It must be recognized that under internal 
fault conditions some semiconductor rectifier elements may be 
damaged. This is a startling concept but one which must be 
accepted in return for the improvements and economy which the 

semiconductor rectifier confers. 
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condenser inrush value is least. The harmonic voltages are 
small, in a free-firing rectifier, and some small build-up of 
voltage at resonance is permissible; also some slight over-swing 
of voltage on the RC circuit is permissible when switching in. 
The most satisfactory compromise for general use is approxi- 
mately R = (R,/p)(K — 1). 

The capacitances are based on the assumption of load or 
magnetizing currents chopped infinitely suddenly at peak values. 
In practice, smaller capacitances are usually adequate—often 
much smaller when only magnetizing-current chopping must be 
considered. It is unusual for d.c. circuit-breakers to chop 
currents above 100 amp, so that p is often quite small. 


DISCUSSION BEFORE THE UTILIZATION SECTION, 10TH DECEMBER, 1959 


The paper refers to establishing voltage and loading ratings 
giving an acceptable life for the device. Can the authors give 
a clear indication of what they mean by the term ‘acceptable 
life’ ? 

In Section 3.3 the authors state that rated load current must 
not cause any significant deterioration of the rectifier within the 
life of the equipment, but I should welcome clarification of what 
the authors mean by deterioration. 

Is the statement (in Section 4.2) that ‘current sharing between 
strings is good, since the characteristics average’ correct 
statistically in view of the small numbers of components ? 

The alternative to load-sharing devices for voltage or current 
when operating cells in series or parallel is to grade and match 
the cells, although grading at close intervals adds to problems of 
stocks and replacements. Derating factors for parallel opera- 
tion must have economic limitations. A short-circuiter would 
permit fewer cells and reduced transformer reactance; is this 
Continental practice likely to be adopted ? 

Dr. J. C. Read: The paper is generally a summary of require- 
ments and practice that are well known and widely accepted. 
I think, however, that high reactance in the transformer is more 
frequently useful than is suggested; it is one of the tools available 
to the designer for the purpose of ensuring that the fuses will 
not blow in case of d.c. short-circuit, and it is a particularly useful 
tool for this purpose, since it cannot detract from reliability. 
The objects of the high-speed short-circuiter can alternatively be 
achieved by merely providing an increased number of cells in 
parallel and/or higher reactance, and these methods appear to 
offer better reliability. Under what circumstances would the 
authors advocate omitting the rectifier d.c. circuit-breaker in 
large electrolytic installations above, say, 400 volts, where very 
large currents could be fed back from the d.c. busbars in case 
of fault? 

(Communicated): It has been suggested that the term ‘backfire’ 
is an alien term from mercury-arc practice and should be replaced 
by some other word for semiconductors. Such a view fails to 
recognize the very close family relationship which exists between 
mercury-arc and semiconductor rectifiers. In both, the current 
flows because the charge carriers are immersed in an electrically- 
neutral ionized medium, for the ionized crystal lattice in the 
semiconductor is virtually a frozen plasma; in both, rectification 
takes place through the charge carriers in one direction being 
unable to surmount a potential barrier; the main causes of failure 
in both are the same, namely excessive contamination by 
impurities or excessive temperature; the mechanism of failure 
breakdown is practically the same in both, namely an avalanche 
process; and the consequences of failure are (with a difference 
of scale) the same in both, namely damage if the magnitude or 
duration of the resulting reverse current is too great. Several 
other parallels could be enumerated. When to this we add that 
both types of rectifier use the same circuits and for the same 
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applications, I think it is clear that every effort should be made 
to use a common terminology. 

Mr. B. C. Hicks: I was interested to see the survival- 
current/time curves for a semiconductor rectifier shown in 
Figs. 3 and 4. Is there a maximum forward current which will 
saturate the current-carrying capacity of the semiconductor 
junction and beyond which the forward voltage will begin to 
rise above the 4 volt indicated in the text? 

Table 1 refers only to medium-voltage fuses; are the authors 
aware that a high-voltage h.r.c. cartridge fuse which will limit 
the maximum transient arc voltage to 1-5 times the peak inverse 
voltage rating has been developed for semiconductor rectifier 
protection? The development of an h.v. fuse with this severe 
restriction on the maximum restriking voltage is an important 
step in the progress of protecting devices, since recent technical 
papers on this subject have indicated that a ratio of 1-7 was the 
best that could be achieved with h.v. fuses. 

Table 1 refers to the performance characteristics of the special 
semiconductor rectifier fuses in terms of a prospective fault 
current with a power factor of 0-3 lagging. Is it essential in 
the design circuits to keep the power factor as high as 0-3 under 
fault conditions, or are the figures given capable of interpretation 
with fault currents having a power factor of less than 0°3? 

The authors state that fuses are not used for the protection of 
rectifier cells against small overloads. In certain applications 
this principle is not followed by all rectifier engineers, and to 
meet their requirements fuses have been developed to conform 
to the general requirements of Section 7.1, but with the addition 
of a class-P fusing characteristic. Will the authors comment on 
this practice? 

Mr. D. R. Coleman: It is apparent that the authors are mainly 
concerned with high-power germanium cells and their use in 
equipment rather than the smaller-power cells and even, perhaps, 
silicon cells. Nevertheless there is no mention of the protection 
necessary to deal with a rectifier open-circuit; we have observed 
this type of fault with some silicon rectifiers and it was not due 
merely to the passage of overload current. If open-circuit faults 
are borne in mind, the reader will question the validity of, and 
justification for, some of the authors’ proposals. On the same 
question of applicability to all types of semiconductor rectifier, 
I suggest that the statement in Section 2.1 concerning breakdown 
voltage and the effects of junction temperature is not necessarily 
true for all types of device. The authors’ intentions may be 
hidden, however, in their definition of ‘breakdown voltage’ from 
the previous Section. 

The paper demonstrates the need for agreement on ter- 
minology. For example, in Section 2.3 the terms ‘recurrent 
inverse voltage’ and ‘recurrent peak inverse voltage’ are used; 
the sense suggests they have here the same meaning, but even 
that is not clear, since in the same paragraph there is a reference 
to surge voltages. Moreover, I wish to disapprove of the use of 
the term ‘backfire’ for semiconductor rectifiers. I accept it as a 
satisfactorily graphic term for mercury-arc rectifiers, because it 
indicates the cause of an inverse fault. Recognized methods 
exist for dealing with this cause to prevent a permanent damage 
effect, but it is equally clear that such clearance is not possible 
with a semiconductor rectifier. The authors point out that cell 
failure due to reverse degradation during the conduction period 
can lead to backfire currents after commutation. I should there- 
fore prefer the term ‘backfire current fault’, since this is the effect 
and the cause cannot be removed. 

In Section 2.2, describing the method of estimating junction 
temperature, there seems to be a fine distinction drawn between 
saturation current and leakage current. Have the authors 
employed the temperature-dependence of the forward charac- 
teristics for such an estimation to avoid those distinctions? 
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Section 4.2 refers to current sharing between cells. Would the 
authors agree that their statement ‘current sharing between the 
strings shown in Fig. 5(a) is good’ should preferably read ‘current 
sharing with the circuit in Fig. 5(@) is better than with that in 
Fig. 5(b)’? We as manufacturers would recommend the use of 
graded cells for both those connections, the grading being 
primarily decided on the basis of dissipation inequality betweer 
cells. 

In Section 4.3 the connection shown by Fig. 5()) is said to 
‘allow detection of a single cell failure’. Should this not be 
‘allow detection of a parallel group failure’ and is the detection 
of an open-circuit cell failure possible? 

Is the variation of fuse characteristics with temperature of 
significance in the protection of semiconductor rectifiers ? 

Mr. W. J. Saysell: If with the aid of the paper and the published 
data one attempts to design a rectifier to supply, say, 12kV at 
2-3 amp, one does not obtain the cost advantage claimed in the 
paper; the authors are thus presumably dealing with high- 
current low-voltage work. The losses in these large series 
strings are much higher than with the conventional rectifier valve, 
and I should like the authors’ views on this. 

We shall be very fortunate if we can assume that the user will 
willingly derate his peak inverse voltage by 50%. If the user 
is told that his peak inverse rating is only a full rating and the 
recommended rating is only one half of this, how can one be 
sure that he will keep to what he is told is good design practice ” 

Can any indication be given of the additional cost of grading? 

Mr. J. M. Waddell: An important aspect of the techniques 
described in the paper is satisfactory communication between 
cell manufacturer and user: the user may buy his cells (especially 
the smaller ones) from several manufacturers, and a committee 
with which I am associated is endeavouring to establish a common 
basis for the expression of characteristics and ratings. For 
example, Figs. 3 and 4 are both forward-current survival curves, 
but the ordinate in Fig. 3 is mean current while that in Fig. 4 
is peak current, while fuse characteristics are usually plotted in 
terms of r.m.s. current. I should like the authors’ views on 
how survival curves should be given, especially for reverse 
surges, where allowance must be made for the voltage, power, 
moment of application and duration of the surge. 

In Section 2.3 the authors say that ‘the ratio of recurrent peak 
inverse voltage to breakdown voltage can be chosen to suit 
different applications’, but they do not say what sort of ratios 
are usual; my experience is that ratios from 1:2 to 4 have been 
used successfully. Does the ratio appropriate to silicon differ 
from that for germanium? 

For many silicon rectifiers (such as that shown in Fig. 1) a 
rise of junction temperature leads to an increase of breakdown 
voltage, and not a decrease as stated in Section 2.1. The junction 
temperature of silicon rectifiers is readily measured by techniques 
similar to those described in the paper for germanium except 
that, for the reasons given in Section 2.2, the reverse leakage 
current cannot be used, and the forward leakage current at a 
bias of about 0-4-0-5 volt is measured instead. A similar 
theoretical relation then holds. 

I, too, dislike the term ‘backfire fault’ in this context and 
suggest ‘cell short-circuit’. 

In reply to Mr. Hicks, there is normally a cut-off current to 
curves of the type shown in Figs. 3 and 4. This may be due to 
the sudden increase of forward voltage drop which can occur at 
very high current densities as a result of hole-electron scattering. 
Alternatively, considering the thermal equivalent circuit of the 
rectifier as a series string of low-pass filter sections, very short 
transients are restricted to the initial section, whose low thermal 
capacity causes a large temperature rise for a small energy input. 

Mr. R. A. A. Newman: My experience is that the reverse 


\breakdown voltage of silicon diodes rises with temperature in 
‘many instances and is largely dependent upon the materials and 
‘processing used in manufacture. 

Reverse-voltage waveform spikes caused by the flow of carrier 
\(Storage current and the input circuit reactance never appear in 
. practice as large as those illustrated in Reference 12, and the 
effect is much less noticeable with silicon than with germanium. 
{Manufacturing techniques have improved considerably since 
#1955, and in many cases the attitude to protection against these 
‘spikes would appear to be over-emphasized. 

| Voltage surges occurring on domestic mains supply often 
| ‘embarrass the manufacturer of small semiconductor devices, 
‘“Wisince they may adversely affect, for example, the performance of 
i silicon diodes in a television receiver. Very little information is 
available from supply undertakings on such surges, which can 
‘arise from a multiplicity of causes and vary from area to area. 
“) Surges shorter than 0- 1 millisec are relatively easy to suppress 


i? (cult. Have the authors any views on this problem? 
. A circuit used in America and elsewhere for surge protection 
|/ comprises a bridge rectifier feeding a capacitor fitted with a 
en atec resistor. The capacitor charges to the peak of the 
‘normal voltage waveform, and surges are absorbed by charging 
‘it to a slightly higher voltage, thus suppressing the surge voltage 
')appearing on the protected equipment. The circuit does not 
) seem to be very widely used, but appears to have many attractive 
‘) advantages. Have the authors any experience in its use? 
ii Mr. F. F. Roberts: I should have liked to see in the paper some 
1) discussion of the determination, by measurements on the com- 
plete cell, of the essential parameters of the thermal analogue 
? circuit which is briefly mentioned in connection with Fig. 2, and 
] which is considered synthetically in Reference 9. The equipment 
i) designer needs to know more about the thermal equivalent circuit 
(| and to have some idea of the thermal time-constants involved. 
’ Fig. 2 implies that there is at least one important thermal time- 
/; constant of the order of milliseconds, but there is also another 
of the order of minutes, or even up to an hour or so, associated 
|) with the way in which the cell is connected to its heat sink. One 
' of the reasons for the difference between the overload capabilities 
_ of semiconductor cells and those of the older (selenium and 
) copper oxide) types is that the sum of the thermal resistances 
| associated with the short time-constants contributes, in the new 
4 cell types, a larger proportion of the total thermal resistance 
« between the junction and the cooling medium. 
h In Fig. 3 I would question the significance of the description 
| of curve (a) as a constant-coulomb line. This description is 
{ permissible only if the voltage drop is independent of current, 
' whereas, in fact, at high enough currents the forward voltage 
¢ drop will increase. The equipment designer is greatly interested 
2 in knowing what will happen to the forward voltage drop under 
i 
: 
J 


surge-current conditions. 

Will the authors comment on voltage sharing between cells 
' in series when their hole-storage characteristics differ? In 
' Section 6.1, can more details be given of the thermal equivalent 

circuit, or the essential thermal resistances and thermal time- 
- constants, for the fuses? Section 7 begins with the words “The 
- foregoing discussion has shown’. I wonder whether something 
has been omitted in the preparation of the paper, for I should 
- like to see some discussion. What is the significance of the last 
column of Table 1? 

Mr. K. L. Streeter: I think that Mr. Broughall’s fears about 
the complications of circuit protection, particularly in connection 
with traction, will eventually be removed. Semiconductor sup- 
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pliers have investigated the performance of their device in 
considerable detail, primarily because of its thermal mass and 
its sensitivity to voltage surges. We should now like to know 
the sort of surges produced in traction overhead supply lines 
and the demands of the circuit which forms the load on the 
rectifier. It is difficult to answer the surge question, and the 
starting characteristics of traction motors and the duties 
imposed on them are not easily assessed, but I believe these will 
in time be known and that protection for traction rectifiers will 
not include all the devices currently required. 

Short-circuiting switches have hitherto been used primarily for 
the contact rectifier, a typical operating time being 2 millisec. 
But with reasonable rectifier-transformer reactance the switch 
need not operate so rapidly for semiconductors and a different 
design of switch could be investigated. 

While I agree that monocrystalline rectifiers have a very 
small overload capacity, I wonder who drew the first overload 
curve and suspect that it came from America. The first impres- 
sion has caused much discussion, for an overload is relative only 
to the chosen normal load. Who established the normal load? 
Because there was some optimism in the first curves presented 
in terms of normal current and working reverse voltage, we 
are in a season of pessimism of the performance of the mono- 
crystalline rectifier. But with greater application knowledge 
and sensible ratings, coupled with improvements in the semi- 
conductors themselves, much of this complex overload protection 
can disappear and the rectifier itself will show the advantages 
which had been hoped for. 

Mr. H. W. Baxter (communicated): Will the authors amplify 
Section 7.2 by giving details of the construction of the fuses. 
These appear to operate in about 10 millisec with a 100% over- 
current and I should like to know whether this is achieved by 
running a silver element at almost its melting temperature or by 
other means. 

Mr. K. Dannenberg (communicated): The authors refer in 
Section 6 to the prediction of protection requirements with 
regard to the energy problems in relation to fuse operation in 
conjunction with the protection of semiconductor rectifiers. 

The authors have rightly stressed the importance of restraining 
the voltage spikes which may occur on fuse operation. This is 
a specific problem with high-voltage fuses but has been success- 
fully solved. High-voltage-fuse technique in Britain has been 
well in advance of the work and developments carried out on 
the European and American continents by restricting the arc 
voltage to 1-5 times the peak recovery voltage. 

No mention is made in the paper of the possible influence of 
capacitance in the circuit; its influence on the natural frequency 
of the circuit may have some considerable importance in regard 
to fuse performance, especially at higher voltages. Compre- 
hensive investigations have recently been completed showing 
how this problem can be solved. 

These protective fuses, in common with all conventional h.r.c. 
fuses, are non-deteriorating and unaffected by ambient tem- 
perature within the specified limits of each individual design; 
moreover, fuse-link ratings down to 6amp are available for all 
voliages. 

It should be stressed that surge protective devices as they are 
applied to semiconductor rectifiers are not only physically small 
but do not require servicing. They are self-protecting in so far 
as they incorporate either disconnection devices or pressure- -relief 
diaphragms which safeguard them should, for unforeseen circum- 
stances, they be overstressed relative to their maximum surge- 


energy duty. 


[The authors’ reply to the above discussion will be found overleaf.] 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. D. B. Corbyn and N. L. Potter (in reply): The paper 
mainly relates to large rectifier equipments, but the principles 
apply universally. 

Like Mr. Broughall, we desire simplicity. Protective devices 
are static components, simpler than mercury-arce auxiliaries, and 
their complete elimination entails the use of more rectifier cells. 
The parameters of special importance in semiconductor traction 
equipment are peak load, duty cycle and highest likely impulse 
voltage on the catenary. 

In answer to Dr. Thompson, continuous operation of semi- 
conductor rectifiers at too high a junction temperature causes 
reverse deterioration. The maker of industrial cells must carry 
out life tests and define a rating not causing noticeable deteriora- 
tion in, say, 25 years. 

No change of forward voltage drop has been noted with 
germanium or silicon rectifiers. An occasional string showing 
reverse breakdown is disconnected by string fuses and can be 
replaced. With two or more series cells per string the worst 
possible current distribution between strings is unchanged, but 
its probability decreases. 

The choice between derating cells for parallel operation and 
using load-sharing devices is mainly economic. 

With Dr. Read we regard the term ‘backfire’ as an excellent 
descriptive term. 

Reactance is a useful tool but carries the penalty of worse 
regulation and power factor, possibly needing a regulator and 
less efficient transformer. Where the risk of terminal short- 
circuits is very small low reactance seems justified. Short- 
circuiter protection is cheaper than additional cells for large 
equipments but more expensive on small equipments. The choice 
is made on economic grounds. 

We consider the omission of rectifier d.c. circuit-breakers per- 
missible if h.r.c. fuses prevent cell failures short-circuiting the 
d.c. busbars and if the busbars are constructed to eliminate the 
risk of short-circuits. In large installations a busbar fault on 
one equipment should not cause loss of fuses on nearby equip- 
ments, although these will necessarily trip. In such circum- 
stances the d.c. circuit-breaker is an expensive insurance against 
the remote chance of a short-circuit on busbars between cells and 
isolators. The question becomes one of economic risk, and the 
nature of the whole process must be considered. 

In answer to Messrs. Hicks, Waddell and Roberts, Fig. 3 
shows the theoretical survival curve of a perfect rectifier with 
constant forward voltage drop. In practice forward voltage 
drop increases at high over-currents and actual survival curves 
allow for this. Only curves of cell and fuse survival in peak 
current have any meaning below one cycle. We have not yet 
used the high-voltage semiconductor fuse to which Mr. Hicks 
refers, but are very interested. The lagging power factor of 0-3 
is typical, not obligatory, but if the pre-arcing It of the fuse is 
available, cut-off currents can be calculated for other conditions. 
Cell fuses are acceptable overload protection on small equipments 
only; a.c. and d.c. fuses are usable but discrimination with cell 
fuses is difficult. 

The risk of open-circuited cells, mentioned by Mr. Coleman, 
is remote in well-made cells. Reverse leakage current and 
forward voltage drop have been used to estimate junction 
temperature. The leakage current at low reverse voltage is 
a kind of saturation current and is not proportional to 
voltage. 

The variation of fuse characteristics with ambient-temperature 


changes is negligible. Mr. Saysells points out that a silicon 
rectifier for 12kV is less efficient than a mercury-are device: 
improvement of silicon cell characteristics will eventually change 
this, and the silicon controlled rectifier will provide grid control. 
Lower voltage safety factors are usable provided that over- 
voltage protection is possible with certainty. 

Theoretically the reverse-voltage/survival-time curve suggested 
by Mr. Waddell is obtainable, but we would hesitate to draw this 
at the moment. 

Voltage safety factors a little above two for germanium and 
silicon are common, being limited by fuse arc voltage and 
lightning arresters. 

Answering Mr. Newman, we find that the reverse voltage 
breakdown of silicon cells always decreases at very high tempera- 
tures, and also that the hole storage is not very serious with some 
silicon cells. 

We should not expect mains-voltage surges of 2 or 3 cycles te 
exceed 30% over-voltage. The circuit mentioned by Mr. Newman 
appears similar to one mentioned in Reference 15 and tests 
showed that it offered no great advantages. 

Mr. Roberts will find further details of the thermal analogue 
in Reference 9. The junction time-constant is of the order c* 
milliseconds for fault conditions. For overloads the whole 
thermal system including the cooling fins is important and usually 
has a time-constant of a few minutes for forced-air cooling. For 
oil-immersed cells the total thermal time-constants for overloads 
may be 30-60 min. 

In short strings poor voltage sharing due to hole-storage 
effects has been found unimportant; for long strings capacitive 
voltage-dividers appear necessary. 

The fuse designer needs to study detailed thermal characteris- 
tics, but survival curves and the details given in Table 1 are 
satisfactory for designing rectifier protection. The preamble te 
Section 7 refers mainly to Section 6. The last column of Table 3 
is added because a rectifier cell may fail for excessive peak-let- 
through current, f i*dt or coulombs. We examine all quantities 
in equipment design. 

In answer to Mr. Streeter, lightning gives the worst voltage 
surges on traction systems; one should assume that the surge 
voltage reaches the line impulse level and design accordingly. 

For a traction rectifier it is satisfactory to obtain the worst 
possible acceleration currents and ‘notching’ curves for the 
motors. Slowing down the short-circuiter operation has little 
point, since this eliminates its main advantage. 

The new semiconductors run at high current densities and thus 
are never likely to show the high overload capacity of selenium 
rectifiers, which necessarily run at much lower current densities. 
With germanium or silicon cells the use of a current density 
comparable with that of a selenium plate would greatly increase 
the size of the semiconductor equipment. For these reasons we 
never expect the overload capacity of the new semiconductors 
to equal that of the selenium rectifier. 

Voltage-surge-protection circuits are cheap, small and reliable: 
they are likely to remain for high-voltage equipments, but will be 
simplified for low voltages since the peak inverse voltages of the 
cells will improve. 

Answering Mr. Baxter, the fuse is specially constructed with ¢ 
carefully shaped silver element not run near its melting-point anc 
not subject to ageing. 

We thank Mr. Dannenberg for his interesting comments or 
fuse performance. 
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recent times the operation of fluorescent tubes from d.c. supplies 
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to operate from any d.c. supply from about twelve up to 
I, several hundred volts. 
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lamp voltage, which changes from a square to a sine waveform. 
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\(The paper was first received 26th March, and 


The operation of fluorescent tubes on high-frequency (up to 20 ke/s) 


for sine-wave supplies for lamp operation. Design details and com- 
‘ponent characteristics for sine-wave lamp inverters are considered 
and various types of circuit are mentioned. 


h 
(1) INTRODUCTION 
_ Subject to certain limitations, power transistors may be used 


/\in conjunction with most types of gas-discharge lamp, but the 


\present paper is confined to a discussion of their use in relation 
to the low-pressure hot-cathode fluorescent tube.-3 Up to 


was attended by a high ballast power dissipation and loss of 
light output due to electrophoresis—the migration of positive 
+ mercury ions to the cathode*°; furthermore, it was impossible 


—— 


= operate these lamps directly from d.c. supplies as low as 
| 24 volts, and for such applications it has been necessary to use 


.d.c./a.c. inversion equipment. Rotary inverters,® vibrators’! 
and, recently, mercury-jet inverters!” have all been used, mainly 
with fluorescent tubes in public-transport vehicles, but all suffer 


iy from the inherent wear and maintenance problems associated 
/ with moving components. 


Such systems, however, operate the 

, lamp on an alternating supply and hence avoid the disadvantages 

of d.c. operation. 

4 : A sem 

t inverters, using germanium power transistors, has eliminated 
Transistor inverters can be designed 


| 
During the last two years the development of self-driven 
| 


all moving components. 


These inverters can be associated with 
a single fluorescent tube and ballast or can be constructed as a 


, and-ballast combinations. ; . 
, The paper considers the design of such inverters and gives 


, details of recent installations. 


| 
a 
| power pack to supply a.c. power to a number of separate lamp- 
f 


i (2) THE OPERATION OF FLUORESCENT TUBES ON HIGH- 
( 


FREQUENCY SUPPLIES 


I (2.1) Sine-Wave Voltage Supply 
Circuits for the operation of fluorescent tubes at frequencies 


/ up to 1 ke/s have been in use for many years, mainly in transport 


As the operating frequency is increased, some 


This is especially true of = 
1 


' installations.'? 
of the lamp parameters change. 


This is brought about by the ionization in the lamp approaching 


a steady value as the frequency increases, and thus causing the 
' lamp dynamic characteristic!>: 1° to approach a straight line at 


frequencies of 5 kc/s and greater. With a sine-wave lamp 
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current, as is obtained with a choke ballast below 1kc/s and 
with choke and capacitor ballasts above this frequency, this 
results in an increased lamp waveform power factor and an 
increased luminous efficiency.*»!© Other contributing factors 
are lower cathode losses and greater efficiency of production of 
the ultraviolet radiation which excites the lamp phosphor. 
There appears to be little advantage in using supply frequencies 
greater than about 20kc/s, since the efficiency/frequency curve 
levels off at this point.!© Few data on lamp life performance 
are available, but it is not expected that lamp life will be worse 
at high frequencies than at 50c/s. Meyers and Strojny!4 have 
claimed recently that the radio-frequency interference generated 
in fluorescent tubes!” is much reduced at higher operating fre- 
quencies, especially where continuous cathode heating is 
employed. 

An adverse effect of the use of high-frequency supplies is the 
increased voltage required to start the lamp. This has been 
recorded by Meyers and Strojny,!* and the authors can confirm 
the results with the 4 ft 40-watt hot-cathode fluorescent tube. 
Lamp starting is, of course, affected by the nature of the tube 
surface, humidity, temperature and the presence or otherwise 
of external conductors. These parameters have been discussed 
elsewhere for 50c/s operation,!**3 and it is probable that the 
magnitude of their effect is similar at higher frequencies. The 
physical size of the lamp ballast decreases as the supply frequency 
increases. This is advantageous, especially in transport lighting 
installations where space is at a premium. In general, the ballast 
cost will be reduced, although at the highest frequencies special 
ballast design features may offset this. 


(2.2) Square-Wave Voltage Supply 


The authors have little experience of the operation of fluores- 
cent lamps having a square-wave lamp current, from square- 
wave voltage supplies. However, Campbell, Schultz and 
Kershaw!® report that the lamp efficiency at a given frequency 
under these conditions is higher than with sine waves. No life 
data are available for lamps operating with square current waves. 


(3) SELF-DRIVEN SQUARE-WAVE AND SINE-WAVE 
TRANSISTOR INVERTERS 


(3.1) Square-Wave Inverters 


A typical push-pull self-driven square-wave inverter is shown 
in Fig. 1; this unit uses the transistors in a switching mode?+ 
and the inverter transformer is designed so that its magnetic 
core saturates during parts of the operating cycle. Design 
considerations have been discussed elsewhere?>?’ and will not 
be considered here. 

Operation with a purely resistive load results in the collector 
voltage and current waveforms shown in Fig. 2(a), and the 
switching diagram, which is a plot of these two parameters, is 
shown in Fig. 3(a). These waveforms are well known, but it 
should be noted that the collector voltage never exceeds twice 
the steady direct supply voltage. When the load is made 
11 
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Fig. 1.—Typical push-pull square-wave inverter. 
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Fig. 2.—Transistor waveforms for a square-wave 
inverter. 


(a) Resistive load. 
(b) Inductive load. 
(c) Capacitive load. 
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Fig. 3.—Square-wave inverter switching diagrams. 


(a) Resistive load. 
(d) Inductive load. 


reactive, however, the transistor operation is changed. With an 
inductive load the waveforms in Figs. 2(b) and 3(b) are obtained, 
and it is seen that the peak collector voltage is well in excess of 
twice the supply voltage. This, of course, places a lower limit 
on the transistor voltage specification. When the load is made 
capacitive the collector current and voltage waveforms shown in 
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Fig. 2(c) are obtained. It will be seen that the leading edge « 
the collector-current waveform is now raised above the cent 
plateau, and additional care must be taken to ensure that th 
height of the trailing edge, which is governed by the driy 
current and transistor current gain, remains above the leadin 
edge. If this does not happen the transistors will cease to swite 
and the inverter will oscillate approximately sinusoidally at 
much higher frequency. The switching diagram for this inverte 
is not shown, since it may take many forms depending on th 
ratio of capacitive to resistive load and the inevitable leakag 
inductance which will be present. Likewise, the collector voltag 
waveform can take many forms depending on the amplitude an 
frequency of the ringing oscillation which will occur whe 
square-wave voltages are applied to circuits containing bot 
inductance and capacitance. ; 

If the load resistor is replaced by a discharge lamp, havin 
amongst other things a negative resistance characteristic, th 
circuit operation is even more complex, and so far efforts ¢ 
operate this type of load with either an inductive or capacitiv 
ballast, from a square-wave inverter, have been only partial! 
successful. 


(3.2) Sine-Wave Inverters 


The circuit of a typical class-B sine-wave integral inverter i 
shown in Fig. 4, and the associated transistor waveforms ar 


Fig. 4.—Single-ended sine-wave inverter. 


shown in Fig. 5. The inverter is a self-driven tuned-collectc 
oscillator of a type which has been adequately describe 
elsewhere,**29 and the load consists of a switchless-sta; 
fluorescent-tube circuit having uncompensated lamp cathod 
heating derived from windings on the oscillator transforme: 
The overall theoretical efficiency of such a circuit is 78%, but i 
practice the efficiency is between 50 and 55%. The usual metho 
of defining such an efficiency is 


Lamp arc power + Lamp cathode power 
Total d.c. input to circuit 


x 100 % 


A better efficiency is obtained by driving the oscillator int 
class-C conditions. This may be most conveniently done bt 
connecting a suitable capacitor across the base resistor, Ry. 

The degree of class-C operation may be increased, with corr: 
sponding increases of efficiency, until the peak collector curren 
which will increase with decreasing conduction angle, reach« 
the maximum specified for the transistor. 

A simplified equivalent circuit of the secondary side of tran: 
former T, is shown in Fig. 6. The lamp is replaced by a resistc 
Ry, and the cathode heating load is represented by a transferre 
resistor, Rp. The tuning capacitor, Cy, is split into two parall 
capacitors, of which C represents the capacitance necessary t 
correct the circuit comprising the lamp and its ballast Lp 1 
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Fig. 6.—Equivalent output circuit for a sine-wave inverter. 


“unity power factor. The dynamic resistance of this part of the 
) circuit, Lp/CR,, may be added to the cathode load, Rp, to give 
i Rr, the total load resistance of the circuit, where 


Re we Ee 

fie een Re 

It can now be shown that, for the secondary circuit, 
g) => wC,Rr. 


| The values of Q and operating frequency are chosen from 
_ design considerations which will be discussed later, but in general, 
_ for any particular frequency there is an optimum value of Q for 
maximum efficiency. 
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(4) DESIGN CONSIDERATIONS AND COMPONENTS OF 
PRACTICAL SINE-WAVE INVERTERS 


(4.1) Transistors 


The power transistors which have so far been available in 
production quantities in this country at a price suitable for com- 
mercial applications have been p—n-—p alloy junction germanium 
transistors, and unless otherwise stated, the paper deals with 
inverters employing this type of transistor. 


(4.1.1) Transistor Characteristics and Measurements 
The transistor characteristics required are briefly as follows: 


(a) High peak and mean current ratings. 

(6) Low internal base resistance. 

(c) Low intrinsic thermal resistance. 

(d) A high maximum junction temperature (in this respect silicon 
transistors are preferable to germanium). 

(e) A high cut-off frequency, fio. 

(f) High reverse-voltage characteristics. 


The last is essentially a combination of three parameters, 
namely V,, Vo» max and ‘punch through’. Since these parameters 
and their measurement have been dealt with extensively else- 
where,*° only a brief mention will be made here. 

V, is the avalancne breakdown voltage occurring between the 
emitter and the collector with the base open-circuited. As the 
collector-emitter voltage, V, is increased, the common-base gain, 
hyp, increases according to 


1 
lyy = hypo X —— 
i S 
Vp 
where V, is the collector-base avalanche breakdown voltage and 
hypo is the common-base current gain at low collector voltage. 
It is thus seen that when V— V,, hy, > 00. However, before 


this happens a value of V is reached at which hy, = 1, and hence 
the common-emitter gain, hy, approaches infinity, since 


hep 
te oe lgce 


The emitter-collector voltage at which this occurs is V,. 

Veb max 1S the reverse characteristic of the base-collector 
junction and is fixed arbitrarily as the voltage at which the 
collector leakage current, /,9, at a specified ambient temperature 
reaches a specified upper limit, e.g. 1 mA at 25°C. 

If at the same time as a reverse voltage is increased across 
the base-collector junction, the voltage across the base emitter 
junction is observed, a point is reached when a sudden increase 
of this voltage occurs. This happens when the base-collector 
space-charge region extends to the emitter junction and is called 
‘punch-through’. 

For a self-driven sine-wave oscillator V, should be greater 
than the battery voltage, since at the part of the cycle at which 
the base is effectively an open-circuit, i.e. at the point where the 
feedback voltage passes through zero, the coliector-emitter 
voltage equals the battery voltage. 

When the transistor is non-conducting the collector-emitter 
voltage will normally rise to twice the battery voltage, and in 
certain cases, e.g. single-ended inverters, to greater than twice 
the battery voltage, and thus both V,,,,,, and punch-through 
must exceed this value. 


(4.2) Lamp Ballasts 
(4.2.1) Inductive Ballast. 


It will be seen from Fig. 6 that when the lamp is alight the 
frequency of oscillation of the inverter is determined by 
resonance between L, and C,. However, before the arc has 
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struck the frequency is determined by L, and C, + C, and 
hence the frequency of operation is lower during lamp starting. 

Any practical inverter will have to cater for a range of input 
voltages; for example, a nominal 24-volt lead-acid battery, 
such as is encountered in aircraft lighting, will have a voltage 
range of 22-30 volts, with a working nominal of 28 volts. As 
the input voltage is reduced from this value the frequency of 
the inverter will fall slightly, and hence lamp power variations 
will be smaller than would be the case with constant frequency. 
This, of course, means that, to ensure satisfactory inverter 
operation at all direct supply voltages, the base resistance must 
be adjusted at the lowest direct voltage; however, some over- 
drive will occur as the direct voltage is increased. 

An inductive ballast has two main advantages over a capacitive 
ballast: 

(a) When an inverter is being operated at a frequency at or above 
the transistor cut-off frequency, it is preferable for the frequency to 
fall in the lamp-starting condition rather than to rise, as it does with 
a capacitive ballast. 


(b) The lamp current waveform is sinusoidal; this is especially 
important with ‘single-ended’ inverters. 


(4.2.2) Capacitive Ballast. 


A capacitive ballast used in this type of circuit has two draw- 
backs, which are corollaries to the points discussed in 
Section 4.2.1; these are: 

(a) The frequency of the oscillator rises when the lamp is in the 
starting condition, and this may lead to gain troubles if the tran- 
sistors are operated at or near their cut-off frequency. 


(5) Any harmonics in the inverter output voltage will become 
magnified in the lamp-current waveform. 


Against the above disadvantages a capacitive ballast will 
generally be lighter and cheaper than the equivalent inductive 
ballast and may be preferable in some installations. 


(4.2.3) Resistive Ballast. 


Although cheap and light, a resistive ballast is generally not 
considered because of the large power loss involved. The 
voltage needed to start a fluorescent lamp under the worst 
conditions of supply voltage and temperature is about 2-5 times 
the running voltage of the lamp. This means that the power 
loss in a resistive ballast will be at least twice the power in the lamp. 


(4.3) Transformers 


Apart from the usual design considerations of flux density 
of the core and current ratings of the wire used, the most 
important factor in the design of an inverter transformer is the 
leakage inductance between the primary winding, the feedback 
windings and the secondary winding across which the tuning 
capacitor is connected. If appreciable leakage inductance exists, 
it is possible for the inverter to oscillate simultaneously at two 
different frequencies; the frequency of the main oscillation is 
determined by L, and C,, and a higher frequency is super- 
imposed on this wave, determined by C, and the leakage induc- 
tance. The design considerations for a transformer of minimum 
leakage inductance have been given elsewhere.?! 

In order to obtain the two requirements of frequency of 
operation and Q-factor of the secondary tuned circuit, it is 
generally necessary to have an air-gap in the transformer core. 
This will normally preclude the use of toroidally wound trans- 
formers for sine-wave inverters. 


(4.4) Capacitors 


When choosing capacitors for these applications, full allowance 
must be made for the limitation imposed by supply frequency. 
Catalogues of paper-dielectric capacitors commonly list them 
under direct-voltage ratings and allow up to 10% superimposed 
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alternating voltage at a maximum frequency of 100c/s. From 
these figures it is impossible to deduce the permissible working 
voltage at, say, 5kc/s. The loss factor of such capacitors at 
the stated 100c/s may be about 0-005, but it increases rapidly 
with a power of the frequency which is generally about 1 -5-2-0. 
The power loss in a capacitor is given by wCV 2 x loss factor. 
and for a 0:5 4F capacitor rated at 500 volts d.c. plus 50 volts 
of 100c/s, and operated on a 50-volt 100c/s supply with o1 
without a d.c. component, the loss is about 0:004 watt. At 
50 volts and 1kc/s this rises to 0-15 watt, and the capacitor 
would still keep quite cool; however, at 10kc/s the loss rises to 
over 4 watts, and overheating of the capacitor might occur, 
together with a marked reduction in life.?? 


(4.5) Frequency of Operation 


The choice of operating frequency will depend on such con- 
siderations as lamp luminous efficiency (see Section 2.1), size 
of components and cost, characteristics of available transistors 
and noise. 


(4.5.1) Size of Components and Cost. 


The higher the frequency the smaller generally will be the 
wound components. This is important in aircraft lighting. 
where weight is a major consideration. For frequencies up te 
about 1kc/s, silicon-iron cores may be used in chokes and 
transformers, and these are relatively cheap. Above 1ke/s. 
more expensive nickel-iron cores are needed, in order to reduce 
the iron loss. At about 2kc/s, ferrite cores become a practice! 
proposition. 


(4.5.2) Transistors. 


With the power transistors at present available the maximum 
frequency of operation is 6-8kc/s in this type of inverter with 
the transistors working at their maximum peak collector-current 
rating. For a lower-power inverter it may be possible to use a 
transistor with a higher peak collector-current rating than is 
required, thus obtaining a higher gain at the peak currents used 
and a usable gain at frequencies in excess of the cut-off frequency. 
Using this principle, inverters have been designed to operate at 
frequencies up to 25kc/s. 


(4.5.3) Noise. 


Wound components in an a.c. circuit will give rise to a certain 
amount of noise,?? and this may be objectionable. For well- 
designed and tightly clamped components operating at fre- 
quencies up to a few hundred cycles per second, noise is not 
difficult to suppress, but some special form of noise suppression 
is needed with nickel-iron cores, owing to the marked magneto- 
strictive effect of this class of material. Potting materials such 
as castor-oil-urethane** are suitable for this purpose. Provided 
that it is within the capabilities of the transistors used, the fre- 
quency of operation may be taken above the limit of humaz 
audibility, i.e. 16-18ke/s. The effect on animals, however, may 
still be apparent. 


(4.6) Thermal Considerations 
The rapid dissipation of heat generated in the transistor is = 


problem ever present with the designer of equipment using 
power transistors. The dissipation in the transistor is greates 
at the base-collector diode, and for this reason the collector it 
power transistors is mounted directly on to a large mass of metal 
usually copper.*>» 3° Heat from the collector junction passe: 
by conduction into the copper and thence into some form o' 
heat dissipator, which also serves as a suitable mounting fo: 
the transistor. A maximum junction temperature, Tjmgx, a 


which the transistor may be operated safely is specified by th« 


/ several components (see Fig. 7). 
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manufacturer, and the designer must ensure that this is not 


Ke exceeded at the highest ambient temperature in which the 
equipment is to be used. 


In considering the design of a practical heat dissipator, or 
heat ‘sink’ as it is frequently called, it is convenient to compare 


) heat flow and electric current flow and also to use the concept 
|’ of thermal resistance,*’~*° which is analogous to ohmic resistance. 
|! The thermal resistance of a transistor and heat-sink combination 
{ is defined as 


T, —T 
1 __“4 degrees C per watt 


O= 
fe 


where 7; is the collector junction temperature at an ambient 


/ temperature of 7, when a power P is dissipated in the transistor. 


The maximum thermal resistance which can be tolerated in 


i order to keep the junction temperature at or below Tjmax is 
Ti max = iy) max 


Oi degrees C per watt 


P 
' The thermal resistance, 8, can be considered to consist of 
6;, the intrinsic thermal 
resistance between the transistor junctions and the mounting 


, surface, is fixed by the transistor designer and is usually about 


1-5-2 deg C/watt; 6,, 
and 


represents contact resistance at the 


mounting surface, is normally not greater than 


0-3 deg C/watt; 0, allows for loss of heat by radiation from the 


transistor container which is only a few per cent of the total 
dissipation; 6, and @, represent heat-flow paths in and out of 
the heat sink by conduction and convection respectively. If the 
transistor must be insulated electrically from other circuit com- 
ponents, this can be done by the use of insulating materials, 
such as mica, between the transistor mounting base and the 
heat sink. This introduces a further thermal resistance at the 
points XX in Fig. 7. Alternatively, the transistor and heat 


oy 


HEAT FLOW FROM COLLECTOR JUNCTION 


Fig. 7.—Thermal-resistance network of a transistor and heat sink. 


‘sink can be in electrical and mechanical contact and the whole 
assembly isolated electrically, when the thermal resistance appears 


at YY. It is immediately evident that the latter method intro- 


duces less thermal resistance. 

With the temperatures involved with the average power 
transistor, a heat sink which dissipates most of its absorbed 
heat by convection has been found to be the most satisfactory. 


Lo The thermal resistance of such a heat sink is inversely propor- 


tional to its surface area, and for maximum efficiency all its 

surface should be at the same temperature. ren 
Typical heat sinks are shown on the inverter in Fig. 15 indi- 

cating the method used to obtain a large surface area in a small 


-yolume. The type and surface of the metal used have only a 
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Fig. 8.—Variation of transistor junction-temperature rise with 
fin spacing. 


small effect on the efficiency of the sink, but the fin thickness 
and spacing must be carefully considered. Fig. 8, which illus- 
trates this, shows that a fin spacing, d, of less than about 4 in 
is detrimental to heat sink efficiency, owing to the presence of 
Langmuir layers of air on the fin surfaces.4!~*3 

Since 6; is about 1-5-2-0 deg C/watt, little advantage is 
gained in making heat sinks having a thermal resistance of less 
than about 0:5 deg C/watt. 


(5) PRACTICAL LAMP-INVERTER CIRCUITS 


(5.1) Sine-Wave Circuits 
(5.1.1) Single-Ended Inverter. 


The basic single-ended common-emitter tuned-collector 
inverter has already been described in Section 3.2. Where the 
negative side of the supply is earthed, a configuration which 
permits the transistor to be bolted directly to an earthed metal 
plate without the use of insulation washers is used. This is the 
common-emitter earthed-collector circuit,44 and a_ typical 
class-C inverter of this type is shown in Fig. 9. The inverter is 


Fig. 9.—Common-emitter earthed-collector sine-wave inverter with 
spill-over circuit. 


shown including a ‘spill-over’ circuit which consists of a winding, 
of an equal number of turns to the primary winding, connected 
in series with a rectifier across the d.c. supply.4° If the lamp 
should become disconnected from the circuit, the energy supplied 
to the transformer core on the conducting half-cycle would give 
rise to an excessive voltage swing on the non-conducting half- 
cycle, damaging the transistor. The purpose of the spill-over 
circuit is to return this energy to the supply. If the spill-over 
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circuit is not used the no-load voltage swings in the inverter 
may be reduced by judicious choice of the secondary-induc- 
tance/tuning-capacitance ratio. A value of 2 for the secondary- 
circuit Q-factor has been found to give about optimum inverter 
efficiency. If this is increased, two beneficial results occur, at 
the expense of efficiency, namely 

(a) The no-load voltage swings are reduced. 


(b) The increased flywheel effect gives a more symmetrical lamp- 
current waveform when using the single-ended inverter. 


(5.1.2) Push-Pull Inverter. 


The circuit of a typical push-pull sinusoidal inverte 
shown in Fig. 10; it has a common biasing circuit, Cg, Rg, 


746,62 is 


Fig. 10.—Class-C push-pull sine-wave inverter. 


which means that the transistors must be fairly well matched in 
gain. A greater variation of gains can be tolerated at the 
expense of extra components by using two separate biasing 
circuits, one in each transistor base lead. The advantages of 
push-pull over single-ended operation are 


(a) Twice the power output for a given direct supply voltage. 

(6) Improved lamp-current waveform, owing to the greater 
symmetry of the circuit. 

(c) The load may be disconnected without excessive voltage 
swings occurring. 


(5.1.3) Series Operation of Transistors. 


The power transistors available in this country are designed 
for sine-wave inverter operation on direct voltages up to a 
maximum of approximately 30 volts. For operation on higher 
voltages, or where the normal low-voltage supply is subjected 
to high voltage pulses, transistors may, with suitable precautions, 
be connected in series.47 This applies to both single-ended 
and push-pull inverters, and a typical single-ended circuit for 
operation on a 60-volt d.c. supply is shown in Fig. 11. 

The base resistors, Rg, and Ry», as well as adjusting the drive 
on the transistors, ensuring minimum collector-emitter voltage at 
the peak of the conducting half-cycle, also affect the relative 
sharing of the voltage appearing across the transistors in the 
non-conducting half-cycle. The transistors are bridged by 
voltage-dividing networks Cy and Rg, which will supply any 
out-of-balance transistor current. 

The connection of the starter resistor, Rg, directly to the 
collector of transistor V, instead of to the negative side of the 
supply ensures approximate sharing of the direct voltage should 
the inverter fail to start. The starting resistors also provide some 
degree of negative feedback, which allows a little wider tolerance 
in matching the transistor gains. Inverters of this type have 
been made to operate from direct voltages up to 140 volts. 
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Fig. 11.—Class-C single-ended inverter with transistors in series. 


(5.1.4) Split-Battery Inverter. 

Another method of operating inverters on direct voltages 
greater than 30 volts is to use the ‘split-battery’ type of 
inverter,4®-5° of which a typical example is shown in Fig. 12. 


Fig. 


12.—Push-pull split-battery inverter. 


The transformer primary is connected between the junction of 
the two transistors, and either to a ‘half-voltage’ tapping on 
the battery or, as shown here, to the mid-point of a voltage- 
dividing network formed by Cg, Rg, etc. 

The transistors have the same peak current and voltage 
stresses as in the series circuit, but the circuit has the advantages 
of push-pull operation and automatic sharing of the direct 
voltage between the transistors. Against this, only half of the 
available voltage is applied to the primary of the transformer, 
and consequently the step-up ratios are higher. 


(5.1.5) Power Packs. 


When inverters operate from direct voltages of 100 volts or 
more, the output powers become large and it is more economical 
to use the inverter as an a.c. power pack supplying several self- 
contained lamp circuits. Since these lamp circuits will normally 
be individually switched, it is preferable to use the split-battery 
circuit, since the push-pull nature of this circuit makes it more 
reliable in no-load conditions. The frequency of large inverters 
will probably be of the order of a few hundred cycles per second 
to enable lamp equipment already designed and in production 
for rotary inverters to be used. 


(5.2) Square-Wave Circuits 


When a square-wave inverter is used with a lamp having a 
reactive ballast, it is necessary to protect the transistors from 


for small inverters. 
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damaging voltage stresses. This can be achieved by connecting 
a capacitor across the primary of the transformer, but it has the 
disadvantage of increasing both the switching time of the 
transistors and the collector dissipation, resulting in an effi- 
ciency lower than is usually obtained in class-C sinusoidal 
Inverters. In power-pack inverters special twin-lamp circuits 
can overcome these objections,*! but this approach is uneconomic 
Nevertheless, the high efficiency of this 
type of inverter with resistive loads makes it very attractive. A 


_ circuit of this type used for lamp cathode preheating is described 


in the next Section. 

For resistive loads the inverter may use any of the well-known 
circuits such as the push-pull, split-battery or bridge inverters.52 
(5.2.1) Lamp-Cathode Pre-Heating Inverter. 

Such a system is suitable for use in transport applications, 


when it is desired to operate several short fluorescent lamps 


from a 700 volt d.c. supply. In the circuit shown in Fig. 13, 


ly Ry 


Lio 


INVERTER 


Fig. 13.—Lamp-cathode preheating and a.c. injection in a series d.c. 
system. 


‘filament heating current for these lamps is supplied from a 


square-wave inverter operating from an auxiliary battery supply.* 
The same inverter also provides a high-voltage a.c. supply to 
ensure reliable lamp starting. 

The circuit shows two groups each of eight lamps in series 
operating across the 700-volt d.c. supply with ballast resistors 
R, and R, in each arm. A winding on the inverter transformer, 


'T;, supplies 100 volts a.c., which is fed to the cathodes of the 


16 lamps via step-down transformers T;, etc. When cold, the 
tungsten cathodes have a low resistance and would constitute too 


heavy a load on the inverter and prevent it starting. To overcome 


this a negative-temperature-coefficient resistor, R3, is included 
in the 100-volt line. The total secondary winding of the inverter 
transformer provides 1 kV a.c., which is injected into the 700-volt 
d.c. line via a small capacitor, C,, to ensure reliable starting of 


the lamps. The choke L, virtually eliminates the alternating 


current flowing through the self-capacitance, C,, of the d.c. 
supply; it also permits series a.c. injection into the second group 
of lamps.5+ The polarities of the two windings of this choke 
are as shown to keep the resultant d.c. flux in the core low when 


direct lamp currents are flowing in both windings. 
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(5.2.2) Future Developments in Square-Wave Inverters. 


The most promising field for future developments of square- 
wave inverters for discharge-lamp loads appears to lie with the 
p-n-p-n switch.°>7 Because of the thyratron-like properties 
of this device, the inverter circuit becomes substantially inde- 
pendent of the type of load, thus overcoming most of the 
objections to square-wave inverters with conventional p-n—p 
transistors. A typical inverter using these devices and having a 
blocking oscillator driving circuit is indicated in Fig. 14. 
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Fig. 14.—Driven square-wave inverter using p-n-p-n switches. 


(6) OPERATION OF SEVERAL SINE-WAVE INVERTERS ON 
A COMMON D.C. SUPPLY 

When a sine-wave inverter is designed to operate at a specific 

frequency the commercial tolerances of components will make 

a batch of inverters oscillate over a small range of frequencies 

about the design centre. If such a batch of inverters is con- 

nected to a common d.c. supply, one of three things may happen: 


(a) If the d.c. supply impedance is sufficiently high, the oscillators 
will synchronize to a common frequency. 

(b) If the supply impedance is sufficiently low, the inverters will 
oscillate independently at their own frequencies. 

(c) Frequently the supply impedance is such that the oscillators 
beat with one another giving rise to visible flickering of the lamps. 


The state of affairs in (c) may be overcome by connecting a 
suitable capacitor across the input of each inverter to lower the 
line impedance. A capacitor may be used by itself or as part 
of an RC filter network in the d.c. line. Alternatively, inter- 
connected windings of a few turns on each transformer will 
synchronize all inverters to a common frequency. 


(7) COMMERCIAL INSTALLATIONS 


Transistor-inverter-operated fluorescent-lighting installations 
in the United Kingdom have been confined so far to transport 
applications, and most have used sine-wave inverters of one or 
other of the types described. 

The first installation was in a number of the first-class coaches 
of the five trains used on the Euston—Glasgow ‘Caledonian. 
Express’ of British Railways** °°; 60 inverter fittings were 
installed, each operating a 20-watt fluorescent tube at 1kc/s. 
The normal 24-volt d.c. coach supply is used. These inverters 
have now operated for 18 months, and both transistor and lamp 
performances have been entirely satisfactory. 

Further large-scale railway coach installations® are in hand, 
and Fig. 15 shows a 40-watt sine-wave inverter which is to be 
installed in new British Railways and Pullman coaches. This 
inverter operates a 4 ft fluorescent tube and is mounted separately 
from the lamp and fitting. 

Large numbers of sine-wave inverters are at present being 
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Fig. 15.—40-watt transistor inverter for British Railways. 


installed in the Vickers Vanguard airliner,®! to operate a 4 ft 
or 3 ft fluorescent tube at 15 kc/s from a 24-volt supply. 

Other types of inverter which have been or are being developed 
and used range from a 12-volt d.c. unit for operating a 6-watt 
lamp in a car to a 110-volt d.c. power pack having a total lamp 
load of about 160 watts for use by British Railways. 

This type of inverter has great possibilities both in large-scale 
installations as well as individual applications such as in 
caravans, boats and cars. 
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DISCUSSION BEFORE THE UTILIZATION SECTION, 14TH JANUARY, 1960 


Mr. L. J. Gardner: The development of transistors and their 
applications has proceeded rapidly over the past two years, but 
at the moment inverters of the type described are still limited 
by the inability of the single transistor to withstand supply 
voltages exceeding 30 or 40 volts. For higher voltages one 
must resort to series connection, but this is rather expensive 
and the controlled rectifier is likely to find a wider application 
here. Already these devices are available for operation up to 
300 volts and 10 amp, and thus able to supply a considerable 
lighting load. 

It is fairly reasonable to say that the development of transistor 
lighting units was started for railway lighting where, for various 
reasons, an inverter to operate a single lamp is preferable to a 
power pack to supply a number of lamps. With the higher- 
voltage supplies, however, this is not very economical and the 
power-pack type of inverter may become more prominent. 

As an engineer I agree with the efficiency formula given in 
the paper, but when presenting the paper the authors showed a 
slide depicting the increase in the luminous efficiency of the 


_lamp with frequency. It is fair that this should be included as 


part of the unit itself, although when discussing efficiency we 
must be careful to state whether we mean input/output power 
ratio, as in the paper, or light output per unit of d.c. power. 

The paper refers briefly to noise, and the noise was appre- 
ciable during some of the demonstrations. The main difficulty 
with the noise from these units is not its amplitude but its very 
high frequency, which makes it very uncomfortable. One 
would normally consider that a railway carriage or a motor 
coach is a fairly noisy situation and that the noise from the 
lighting would not be very noticeable; unfortunately, because of 
the frequency it makes itself very apparent when one is exposed 
to it for long periods. 

One other difficulty with transistors, which we have seen 
from the various models shown, is the trouble which must be 
taken to minimize the temperature of the junction. The designer 
can take a great deal of trouble to provide a heat sink, but the 
difficulty will arise when the user confines the units within very 
small fittings—which is usually desirable from some aspects 
but in this case is most undesirable. If these transistors finda 


widespread use, the user must be taught to provide adequate 


cooling and ventilation. ; 
A paper of this type inevitably leads to speculation on possible 


' future applications. The Americans have already done a lot of 


work on such transistor-inverter units for lighting public halls 
and for general industrial use, mainly because they reduce the 
size of the ballasting equipment and the associated losses. I 
think that the complications of this type of unit are such that it 


- will be some time before the system, both in efficiency and in 


cost, becomes competitive with the standard methods which are 
available in this and other countries and on which quite a lot 


of work has already been done. 
Mr. Th. Hehenkamp (Netherlands): My experiences roughly 


parallel those of the authors, although there are points of 


difference. We found that the square-wave inverter gave a very 
reliable performance, but was difficult to design with an efficiency 
higher than about 60%. The development of the sine-wave 
inverter has been a very big improvement, since it is easy to 
obtain an efficiency of 75-80% even with frequencies of 8-10 kc/s. 
It is true, as stated in the paper, that at high frequencies the 
load which can be switched by a certain type of transistor is 
reduced, but we found that the advantages of a higher lamp 
efficiency and a reduced noise level more than compensate for 
this. An extra advantage of a high frequency is the low weight 
of the inverter, and this becomes more important with the 
introduction of high-power units. 

To-day these power packs can be made in the 100—200-watt 
range, but bigger units are still in the laboratory stage. As 
soon as this development has been completed, the low weight 
and the high efficiency can possibly lead to the introduction of 
transistorized equipment into the field of general lighting. In 
the next few years many interesting new developments can be 
expected. 

Mr. K. A. E. Salmon: The authors have placed too much 
emphasis on the use of sine-wave inverters and made unfair 
criticism of the square-wave type. Very good results have been 
obtained using a compromise, where the main transformer 
primary is loaded with capacitance. The value required for 
optimum efficiency is governed by transient losses in the tran- 
sistors, but a considerable gain in overall efficiency arises from 
improvement in the lamp-current waveforms. This circuit also 
permits the use of a high-reactance transformer, thus eliminating 
the choke, and makes possible compensated cathode heating 
as used in the normal switchless lamp circuit. Would the 
authors quote the efficiency they obtain from a push-pull sine- 
wave inverter and indicate their methods of measuring efficiency ? 

In controlled-rectifier inverters, I understand that some diffi- 
culty has been experienced in getting satisfactory output wave- 
forms, owing to oscillation between the series inductance and the 
primary capacitance. Have the authors met this problem? 

The authors refer to Campbell’s paper on hf. lighting using a 
triangular voltage supply; have they any further information 
on this? 

Mr. G. M. Ward: For a considerable time my colleague and I 
have been concerned with convertors in one way and another, 
although not specifically concerned with fluorescent lamps, and 
I had hoped that the authors would discuss the economics of the 
present situation. The economics of transistorized sources of 
light must be considered relative to those of normal filament 
lamps, and I should like a few fundamental facts. 

How do the rates of failure of filament and fluorescent lamps 
compare? What is the inherent cost of replacement and the 
relative’ overall efficiency? What is the relationship between 
the d.c. input power and the light output? In convertors we 
have to consider the overall power loss in the convertor plus 
the ballast loss in the choke. Despite the fact that luminous 
efficiency increases with higher operating frequency, surely the 


282 


increased loss in convertors due to saturation-resistance limita- 
tion and hole-storage effects may be a dominant consideration 
with British types. 

When travelling by Underground I notice that with the 
50-volt filament lamps a considerable number of short-duration 
surges occur; one moment the lamps are almost out and the 
next moment they are at full brilliance. What effect would this 
have with fluorescent lighting? It is almost an impracticable 
suggestion to consider using the devices discussed in the paper, 
for the flickering of fluorescent lamps would be a physiological 
nuisance. 

Mr. S. Anderson: The first point on which I should like to 
comment is the use of the term ‘split battery’, for the battery is 
not split in the illustrations. Transport engineers would strongly 
object to splitting their batteries to make these 50-volt circuits 
operate. A better term might be a ‘voltage-divider system’, 
which is obviously applicable without any alteration to the 
battery. 

Several allusions have been made to the important question 
of efficiency, but nothing has been said about methods of 
measuring it, and it is not an easy thing to measure without 
special equipment. Quite apart from this difficulty, I feel that 
we should agree on what we mean by the efficiency of one of 
these devices. I suggest that we should disregard differences 
in the luminous efficiency of the lamp which occur at different 
supply frequencies, for I object to confusing the issue by 
including an effect which, fortunate though it may be, is not 
attributable to the transistor inverter. I suggest that, for the 
purpose of an engineering appraisal, efficiency should be quoted 
in terms of the ratio between the power coming from the inverter 
and that supplied to it. 

Mr. J. M. Waddell: In Section 4.6 the authors examine the 
thermal rating of transistors. They say that the maximum 
junction temperature at which the transistor may be operated 
safely is specified by the manufacturer, and then discuss methods 
of making use of this information. However, the device manu- 
facturers are often one or two years ahead of the users, and 
thus I believe that most transistor designers to-day would prefer 
not to use the concept of maximum junction temperature as a 
method of rating, but to use a curve relating the power rating 
with the temperature of a point on the heat sink just below the 
transistor. This change in method of rating arises from a 
greater understanding of the behaviour of transistors on the 
part of manufacturers. 

I disagree with Mr. Anderson on the question of efficiency. I 
suggest that what the customer (as an engineer) is interested in 
is the comparison between the light output and the power input 
(from the battery). If the manufacturers of rotary machines 
can use a frequency as high as 15 kc/s, they, too, will be able to 
claim a similar efficiency. If they cannot, then I suggest that 
some advantage is to be gained directly from the use of the 
transistor inverter. 


THE AUTHORS’ REPLY TO 


Messrs. I. F. Davies and D. Dunthorne (in reply): Several 
speakers raise the question of the definition of efficiency as 
applied to a transistor-inverter-operated lamp circuit. We agree 
with Mr. Anderson that the only definition, from an engineering 
point of view, is that given in Section 3.2, i.e. the ratio of total 
power in the lamp to total d.c. input power. Since this definition 
is based on electrical parameters only, it gives the same circuit 
efficiency for a given size and rating of lamp regardless of the 
light output—which would not be the case if the efficiency was 
taken to be light output per unit of d.c. power, as suggested by 
Messrs. Gardner and Waddell. Typical efficiencies of sine-wave 
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I support the remarks about p-n-p-n controlled rectifiers. 
Apart from being of silicon, so that cooling is no great problem, 
they do not suffer from variation of current gain with increasing 
collector current. This enables heavy-current devices to be 
made much more easily than is the case with transistors. Not 
only shall we see the controlled rectifier used in a year or two at 
very high working voltages, but we shall also see it at very heavy 
currents—and it is worth noting here that there is a difference 
in the definition of rated current used by rectifier and transistor 
engineers. An entry of 10 amp on a data sheet for a controlled 
rectifier means average current, whereas on a power transistor 
data sheet it means peak current. There is thus a ratio of power- 
handling capacity of at least 2: 1 in a square-wave circuit and 
probably more than that in most circuits. 

In my experience, the use of p-n-p-n controlled rectifiers in 
an inverter does not inherently imply a square-wave type 
operation. With suitable circuit constants it is possible to obtain 
a sine wave. It is, however, in all cases necessary for stability 
to have a leading-power-factor load, and for efficiency the 
power factor should be near unity. These requirements can 
make inverter design for varying loads a little difficult, but with 
discrete lamp loads the necessary correction capacitors could be 
incorporated in each lamp circuit. 

The authors refer to surges. Nowadays there are high-power 
Zener diodes available in this country, and these provide a 
convenient way of limiting, not only transient surges, but also 
long-term over-voltages. 

Mr. N. Herwald: Several speakers have referred to the question 
of efficiency, and I agree that the efficiency must be clearly 
defined when fluorescent lamps are fed from inverters. A lamp 
operating in the normal manner from a 50c/s source is rated 
at 40 watts when it takes 40 watts from the supply. It then 
gives a certain luminous output. The same tube operating from 
an inverter, at a much higher frequency and giving the same 
luminous output, will not take 40 watts from the inverter output. 
If the efficiency is calculated on the basis of the rating of the 
lamp being the actual output load, one is bound to find a higher 
calculated efficiency than if the actual power output were used 
in the ratio between output and input power. I suggest that this 
might be a case for an official definition. 

Various users, and even different manufacturers for aircraft, 
railways and buses, have their own specifications and regulations. 
Cannot standard specifications be agreed for these different 
classifications of use even at this early stage? 

Mr. J. Tozer: When designing the lighting of a large building 
it is often necessary to provide an emergency lighting system. 
In these days the normal lighting is often provided by fluorescent 
lamps, and because of difficulties with direct current we normally 
have to install additional tungsten lamps for emergency lighting. 
Do the authors think that with these modern developments we 
shall be able to install a complete fluorescent-lamp scheme and 
just switch in the inverters on the failure of a.c. supply ? 


THE ABOVE DISCUSSION 


inverters measured in this manner are between 65 and IVA: 
these are lower than those mentioned by Mr. Hehenkamp, but 
we presume his efficiency measurements include the increase in 
lamp luminous efficiency occurring at higher frequencies. 

As regards the measurement of efficiency, the only difficulty 
arises in the measurement of total lamp power (arc power plus 
cathode power). This can be carried out either by conventional 
methods using high-frequency calibrated wattmeters or by the 
restoration of light method, which is described in Reference 62 
of the paper, and has been adopted in the draft for the second 
edition of I.E.C. Publication 82, ‘Recommendations for Ballasts 


_ two decades. 
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for Fluorescent Lamps’. The measurements made by the latter 
method must be carried out at the same frequency. 
- Adequate cooling of the transistors is of paramount impor- 
tance in these inverters, and we agree with Mr. Gardner that 
users of this type of equipment must be educated in the necessity 
for providing this facility. 

Mr. Salmon prefers the saturating-transformer inverter with 


‘| capacitively loaded primary, and suggests this is superior to the 


sine-wave type. In our experience, however, transformers of this 
type are inherently noisy, and efficiencies exceeding 60° are 
difficult to obtain with this system. The provision of com- 
pensated cathode heating is possible using a sine-wave inverter, 
owing to the disparity in load between the starting and running 


_ conditions of the lamp. 


Our fears regarding the reliability of the modified square-wave 


| inverter have been justified fully by the high failure rate of this 


type of inverter on the St. Pancras—Bedford line of British 
Railways; on the other hand, many thousands of sine-wave 
inverters have given faultless service over periods as long as 
two years. 

In controlled rectifier inverters unwanted oscillations can 


_ occur between the series inductor and the commutating capacitor. 


The values of these two components must be matched carefully 
to the load if instability is to be avoided. 

We have no experience of voltage supplies having a triangular 
waveform. 

We cannot agree with Mr. Ward that the economics of trans- 


' sistorized sources of light must be considered 1elative to those 


of normal filament lamps. Compared with the filament lamp 
the fluorescent lamp has a longer life, higher efficiency, better 
colour appearance and colour rendering and has resulted in the 
great improvement in the lighting of buildings during the last 
The public now expects an improvement in the 
lighting levels in public transport, and the transport under- 
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takings must realize that the lighting installation must carry 
a higher proportion of the capital cost of the vehicle than 
heretofore. 

The rated average life of a 40-watt fluorescent lamp, which 
costs 13s. 9d., is 5000 hours and it has an average efficiency 
through life of between 42 and 65 lumens/watt depending on the 
colour; in comparison, a 40-watt 24-volt transport-type filament 
lamp has a life of 1000 hours, costs 3s. 6d. and has an efficiency 
of 13 lumens/watt. 

We agree that in inverters, using the types of power transistor 
at present available, there will be an optimum frequency of 
operation (approximately 6kc/s) above which the increased 
transistor losses will cancel any gains due to the increase in lamp 
luminous efficiency with frequency. In practice, the operating 
frequency chosen will be a compromise between efficiency, size 
and cost. 

The surges on London Underground trains, due to track 
interruptions, will have no effect on transistor-inverter-operated 
fluorescent lamps, since these are operated from a battery which 
is charged from the track voltage via a rotary generator. 

In reply to Mr. Waddell we must say that, as circuit designers, 
we can work only from information supplied by the device 
manufacturers, and thus we welcome the trend to specify the 
transistor power rating in terms of the temperature of a point 
on the heat sink just below the transistor. 

Mr. Herwald’s suggestion that the transport operators should 
agree on a specification for this type of equipment is admirable; 
however, we are not very optimistic that this will come about, 
bearing in mind that many large users of lighting equipment are 
not prepared to accept even a British Standard without the 
addition of clauses specified by themselves. 

The use of transistorized emergency lighting, as suggested by 
Mr. Tozer, is an idea which we feel will certainly be considered 
in the future. 
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THE APPLICATION OF LINEAR INDUCTION MOTORS TO CONVEYORS 
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SUMMARY 

The principal advantage in using linear induction motors to drive 
conveyor belts is that force can be applied uniformly to the belt over 
a wide area without mechanical contact. The drive is therefore inde- 
pendent of the coefficient of friction between belt and rollers and belt 
stretch is less likely to occur. The main problem in designing a 
linear motor for such a drive arises from the fact that the speeds 
required are low, and it is shown that efficient systems are possible 
only if the motor is supplied with low-frequency power. 

Two systems are investigated, the first using a woven copper belt 
and the second a series of solid plates connected to chains along each 
side. The effect of end-ring resistance and of contact resistance 
between weft and warp is investigated in the case of the woven belt. 
The action of the plate conveyor involves the behaviour of discon- 
tinuous rotors, and a theoretical investigation of this problem is 
included. The findings are substantiated by experimental results 
obtained from a fairly large model. Other applications which could 
utilize the short rotor effect are suggested. 


LIST OF PRINCIPAL SYMBOLS 


a = Rotor length. 
b = Instantaneous flux density. 
B = Peak flux density at a point. 
By = Peak flux density at leading edge of rotor. 
, = Peak flux density at trailing edge of rotor. 
c = End-ring width. 
d = Stator slot depth. 
f = Supply frequency. 
F = Force. 
Fp = Mean force. 
g = Air-gap length. 
J, = Stator current. 
j, = Instantaneous rotor surface current density. 
j; = Instantaneous stator surface current density. 
J, = Peak stator surface current density. 
k = Slot width/pitch ratio. 
K = Overall belt width. 
n = Number of poles on a stator block. 
p = Pole pitch. 

P, = Power output. 

R, = Stator resistance. 

R, = Rotor resistance. 

Ry, = Resistive component of magnetizing impedance. 
s = Distance measured from leading edge of rotor. 
t, = Time spent under stator block when travelling at field 

velocity. 
u = Rotor speed. 
u, = Synchronous speed. 
w = Stator width. 
X, = Stator leakage reactance. 
X, = Rotor leakage reactance. 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
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Xm = Magnetizing reactance. 
Z, = Stator impedance. 
Z», = Effective rotor impedance. 
Z» = Magnetizing impedance. 
1 = Efficiency. 
Lo = Permeability of free space. 
Pc = Resistivity of copper. 
pr = Rotor surface resistivity. 
ps = Stator surface resistivity. 
Pro = Rotor surface resistivity neglecting end-ring resistance. 
Pso = Stator surface resistivity neglecting end-ring resistance. 
o = Fractional slip. 
7 = Rotor time-constant. 
w = Angular frequency of supply. 
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(1) INTRODUCTION 


During discussions which followed the publication of a recent 
paper on linear induction motors! it was suggested that linear 
motors might be applied with advantage to the driving of certain 
types of conveyor. In particular, coal conveyors, which are 
normally operated through rollers driven by conventional induc- 
tion motors, have the disadvantage that the force is applied to 
the belt over a comparatively small area, as shown in Fig. 1(a), 
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Fig. 1.—Application of driving force to a moving belt. 


(a) Conventional roller drive, 
(6) Linear-motor drive. 


and the large forces imparted to the belt as it encounters a drive 
roller are liable to stretch it. If stretching occurs, the belt is 
liable to slip, so that some of the drive is lost and excessive 
wear occurs. Conditions of working may range from very dry 
and dusty to very wet and slimy, and it is difficult to make 
roller-driven conveyors operate satisfactorily under all conditions 
of load. If, for example, the power is applied to the belt at more 
than one point, the driving units are effectively interconnected 
only by means of the belt, which is elastic. Hunting, unequal 
loading and excessive slip are almost certain to occur. 

The proposal to utilize linear induction motors involves the 
use of a belt of conducting material which passes between a 
pair of linear stator blocks carrying a polyphase system of coils 
connected so as to drive a travelling magnetic field through the 
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) up from conducting plates carried on chains. 
| predictions of the behaviour of such a system involves the study 
| of induction machines with discontinuous rotors—a subject 
_ about which little has been written. 


_ speed of the moving conductors. 
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; 4 belt, the latter constituting the ‘rotor’ of the induction machine. 

| Such a system, as illustrated in Fig. 1(b), would exert a uniformly 
| distributed force over a large area of belt without mechanical 
i contact: the drive is therefore independent of the coefficient of 
| friction. A reasonably large experimental machine of this type 
| has been constructed and tested; the theory of operation has 


been verified from the results obtained, and it is now possible to 


| assess the possibilities of linear motors as conveyor drives. 


The paper describes two possible forms of flexible belt, the 


first consisting of woven copper wire incorporating stainless 


steel wire for mechanical strength, and the second type made 
The theoretical 


(2) REQUIREMENTS OF CONVEYORS 
There are many types of conveyor system, ranging from coal 
transporters and production-line belts to passenger conveyors 
such as escalators and lifts, but most types have one feature in 


common, namely that the linear speed rarely exceeds 10 ft/sec. 


Generally the conveyor takes the form of an endless belt, with 
only a portion carrying the load and the remainder comprising 
the return path. 

The proposal to use linear motors as driving mechanism 
demands that the drive shall take place over sections of the 
belt which are not carrying goods, so that the belt can pass 
between the stators with the minimum clearance. The disad- 
vantage of single-sided linear systems is that the magnetic circuit 
of the machine is extremely poor unless iron of sufficient core 
depth to carry the flux is incorporated in the moving member. 
It is not proposed to use conveyor belts containing iron, first 
because the belts would be thick and unmanageable and secondly 
because magnetic attraction between the rotor and the stator 
would introduce serious mechanical problems. 

Fig. 2(q) illustrates how double-sided linear motors may be 
included in the active side of a conveyor system as well as in 
the return path, provided that the goods can be dropped through 
a small distance from one part of the belt to another. Fig. 2(b) 
shows an alternative system which is more economical as regards 
total length of belt: this system could possibly be developed for 
systems where dropping of the goods was impossible by the use 
of small fixed regions, as shown in Fig. 2(c). 


(3) PROPERTIES OF LINEAR INDUCTION MOTORS 


The quality of a motor may be assessed differently for different 
applications: some users place the emphasis on high efficiency 


and power factor, while first cost is almost always important. 


But however the quality is judged, a parameter which is most 
potent in deciding the ‘goodness’ of a machine is the surface 
The maximum force per unit 
area which can be exerted across the air-gap of a machine is 
fixed by the limits of the electric and magnetic circuits, and these 


- jimits vary surprisingly little for wide ranges of machine size, 


speed and supply frequency. 

The maximum power output obtainable from a given frame 
size with a given cooling system is therefore approximately pro- 
portional to the surface speed. 

Few conventional rotary induction machines are manufactured 
in sizes greater than 1 h.p. in which the surface speed is less than 
20ft/sec. In the design of conventional machines use is made 
of the equivalent circuit of the machine, as shown in Fig. 3, in 
which the imperfections of the electric and magnetic circuits are 


represented by series and shunt impedances, Z,, ZeanG Zin: 
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Fig. 2.—Conveyor systems using linear-motor drives. 


(a) Continuous-belt system. 
(6) Short-belt system. 
(c) Static-section system. 


Fig. 3.—Equivalent circuit of the induction motor. 


For most well-designed rotary machines it can be assumed that 
Z,» is very high in relation to Z,; and Z,; indeed it is usually 
much larger than R,/o, where o is the working slip. In such 
cases most of the operating characteristics of the machine can 
be predicted from open- and short-circuit tests, and it can easily 
be shown that the efficiency is very low if R,; and R, equal or 
exceeds 

The magnetizing impedance, Z,,,, is often largely reactive and 
R,, can always be made higher by the use of thinner laminations; 
X,, is proportional to the area of one pole, which for a given 
core length is proportional to the pole pitch, p. Rotor and 
stator resistances are dependent on the amount of conductor 
contained within a pole pitch. For the space available around 
the periphery and for a tolerable amount of leakage, the amount 
of conductor is proportional to p, neglecting end turns, so that 
R, and R, are proportional to 1/p. The rotor time-constant, 
+ = L,,|R, (where L,, = X,,/27f) is therefore proportional to p”. 
Only if tw > 1 can the normal approximations for the prediction 
of performance be used. The performance of motors for which 
tw is less than 10 would not be acceptable for most conventional 
rotary machines of reasonably large size unless R; < Rp. 

The value of 7 in terms of machine dimensions has been shown 
to be given by? ; 

jp AEE MONS BE ae gti Ch eC 
TPS 
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where p, is the equivalent rotor surface resistivity, g is the air-gap 
length and po is the permeability of free space. Eqn. (1) takes 
no account of rotor leakage reactance or of end-ring impedance. 

As an example of the method of calculating p,, a squirrel-cage 
rotor in which the slot depth is d and the slot width is equal to 
k times the slot pitch has a value of p, given by p,/kd, where ji, 
is the resistivity of the conducting material in the slots, assuming 
the latter to be completely filled. 

In linear motors in which the rotor contains no iron all the 
rotor conductor lies in the air-gap, so that if the gap could be 
completely filled with conductor and end-ring resistance could 
be neglected, the product p,g would be constant and equal 
to p,. The maximum value of tw for such a machine which 
has a copper rotor and is fed from a 50c/s supply is therefore 
0-188p? (assuming p, = 2-13 x 10-®). If tw is to exceed 
10, p must be greater then 2-9in and the linear synchronous 
speed must be greater than 24 ft/sec. In practice, some mechani- 
cal clearance is required between rotor and stator and end-turn 
resistance may be considerable. The minimum values of p, 
and of synchronous speed are therefore likely to be considerably 
higher than these values for the condition rw > 10. 

The low-speed requirement of conveyor systems involves low 
values of tw for 50c/s supply, which in turn demands very 
low stator resistances if high efficiency is to be maintained. 
Stator resistance can be reduced only by increasing the slot 
depth, which increases both leakage and cost. 

Considerable improvement may be obtained at the expense of 
supplying the motor at low frequency. For a given surface 
synchronous speed pf is constant, whereas tw, being propor- 
tional to pf, increases linearly with p. The upper limit to p 
occurs when end-turn length becomes comparable with active 
length. For a low-frequency supply the iron-loss component of 
the no-load current is likely to be small in comparison with the 
magnetizing current, which is likely to be higher than for most 
conventional machines. Since the rotor conductor is not con- 
tained in slots and the frequency is low, rotor leakage reactance 
may be neglected in comparison with rotor resistance. The 
output, Po, of a machine whose stator current is 7, may be 
calculated from the equivalent circuit in Fig. 3, making the 
above assumptions, and is given by 


f l—o 


Po = TR, Pa a, hak atte Re) 
lel? +G)| 
while the efficiency, 7, is given by 
1—o 
(3) 


1+ HRY 24 (1)']| 
olR, TW 
Fig. 4 shows the theoretical variation of maximum efficiency 
with R,/R, for various values of Tw. 

Rotor copper loss is not likely to limit the power output of 
conveyor systems, since the rotor conductor spends only a 
fraction of its time under a stator block, the greater fraction 
being spent in open air where natural cooling is very effective. 
Eqn. (2) expresses the power output in terms of stator copper 
loss, which is likely to set the limit on output. Further investi- 
gation on the practically realizable values of Py and 7 cannot be 
attempted until the nature of the belt is known, so that R, and 
Tw can be assessed. 


(3219 Short-Stator Effect 


Egns. (2) and (3) assume that the stator of the linear motor is 
infinitely long, so that the equivalent circuit shown in Fig. 3 
applies. 
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Fig. 4.—Effects of R;/R2 and tw on maximum efficiency. 


An essential difference between the operation of linear and 
rotary induction machines occurs as the result of the transient 
phenomena associated with the entry and exit edges of the stator 
blocks in the linear case. The theory of the operation of short- 
stator machines has been formulated in some detail,2~* and the 
salient features may be summarized as follows: 


(a) Transient rotor currents are set up at the entry edge. Parallel 
connection of the stator windings without end-grading is inadvisable, 
since the resulting currents in the stator coils at the entry edge are 
certain to be excessive. With series connection the flux density just 
inside the entry edge of the stator is very low. 

(6) The transient rotor current set up in any rotor bar decays with 
rotor time-constant as the bar proceeds under the stator. So long 
as transient rotor current is present it modulates the amplitude of the 
flux wave in the air-gap. 

(c) This modulation of the flux can result in extra losses not 
calculable by more conventional theory. The extra loss has been 
shown to be zero if the machine runs at slip values of I/(m+ 1), 
2/(n + 2), etc., where n is the number of poles on a block and the 
rotor time-constant is so large that the rotor transient has not 
decayed appreciably by the time the rotor bars emerge. 

(d) At the exit edge similar transient rotor currents are set up 
which result in rotor copper loss occurring outside the stator block, 
so introducing further excess loss. Such losses have been shown 
to be zero for slip values of 2/(n + 2), 4/(n + 4), etc., with the same 
provision as before. 

(e) If the rotor time-constant is small or the number of poles very 
large, or the slip is large, the rotor transient currents become 
insignificant by comparison with steady-state current before the 
rotor bars emerge and thereafter the motor performs conventionally. 


For a linear motor used for a conveyor it is clear that the 
rotor time-constant is likely to be much smaller than that of a 
rotary machine. It is considered that, if the time, t,, Spent by a 


) 
| 


: 


( 
i 


) woven copper wire. 
| the difficulty increases with the size of wire used. An attempt 


rotor bar in traversing the entire stator length at synchronous 
speed is greater than 57, the corrections to conventional] theory 
introduced by short-stator effect are negligible. For values of 
t,/T <5 it is advisable to calculate the performance on the 


| short-stator theory.? 


(3.2) Woven-Wire Belts 


One type of flexible belt designed and tested consisted of 
Weaving wire is not an easy process, and 


was made to simulate a squirrel-cage rotor in that comparatively 


| thick copper wires were woven together with stranded thin wire 
| to act as end-rings; the wire which had to bend as the belt 


rounded a drum was thus thin and flexible, and it was hoped 


| that during the bending process the thick wires would rotate 
| within the loops of the stranded wire in the manner of hinges, 


thereby maintaining good electrical contact. A belt consisting 


| entirely of copper is liable to stretch easily, and so some steel 
| wire was introduced to strengthen the belt longitudinally; non- 


magnetic stainless steel was used so that it could be incorporated 
in the active centre section, leaving the overhung sections com- 


| pletely free to be filled with copper to obtain a low end-ring 
} resistance. 


The amount of copper which can be included in the air-gap 
with woven wire belts is restricted by the nature of the weave. 
The overall thickness is greater than the diameter of the active 
wires by twice the diameter of the steel wire. The space between 


| active wires is about equal to their diameter for wires of about 


0-1lin diameter and relatively greater for thicker ones. A 
factor of 7/4 is lost by the use of circular wire. The first belt 
used on the experimental machine had an overall belt thickness 
of 0-146in, but its resistivity was equal to that of copper sheet 
only 0-021 in thick. 

If the contact resistance between weft and warp is zero, the 


resistance of the end-rings for the type of belt described may be 


calculated by a method due to Russell and Norsworthy.> This 
is completed in Section 9.1 and the results are shown in Fig. 5. 
Clearly there is little gain in increasing end-ring width beyond 
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Fig. 5.—Effective increase in rotor resistivity of a woven 
belt due to end-rings. 
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a certain point. For example, the designer may decide that an 
economic end-ring width would be one in which the effective 
resistance was, say, 20% greater than the value for an infinitely 
wide end-ring. If such a criterion is adopted the locus of points 
corresponding to the 20% increase is shown by the broken line 
in Fig. 5, and it can be seen that for all practical purposes it may 
be regarded as a straight line which is divided uniformly by the 
constant p/w curves, so that equations relating end-ring resis- 
tance, p/w and c/w may be written as follows:* 


ae Shae tee (4) 
Pro w 

and De O51 0.3. (5) 
Ww Ww 


where p,o is the resistivity of the active rotor conductor only. 

The effective stator resistivity for the active length, p,o, is 
inversely proportional to the stator slot depth, to the width/pitch 
ratio of the slot and to the packing factor in a slot. Stator 
end-turn may be taken into account once the form of coil has 
been fixed. For example, the stator resistivity for a particular 
type of diamond coil may be given by the following empirical 
formula, if w is in inches: 


p 
Pies ie PAN tes ot 
Pso W W 


Eqns. (1), (4), (5) and (6), eqn. (3) with p,/p, substituted for 
R,/R, and the following two fundamental equations enable the 
efficiency of a linear conveyor belt to be predicted: 


u=2pfU—o). 
Overall belt width, K=w+2c. 


(6) 


(7) 
(8) 


In general, u and K will be fixed by the application and some 
restriction will be placed on p,q by considerations of cost and 
power factor. 


Belt speed, 


(4) AN EXPERIMENTAL MACHINE 


An experimental machine was built to verify as much of the 
foregoing theory as possible. Problems of handling restricted the 
width of the stator to 6in, and a 9in pole pitch was chosen as 
being reasonably large without introducing excessive end-ring 
resistance. Although eqn. (5) indicates that an end-ring width 
of only 2:4in is required for 20% increase in resistivity, there 
was considerable doubt about the contact resistance between 
warp and weft of the woven belt, and the end-rings were made 
6 in wide to ensure low resistivity. Stator blocks were made 10 ft 
long, which was thought sufficient to ensure that short-stator 
effects could be neglected. The stator slot width was half the 
slot pitch and the slot depth was 1-5in. The stator resistivity 
was measured and found to be 8-23 x 10~-° ohm-cm, which is 
4-62p.. 

As stated earlier, the resistivity of the active part of the woven 
belt was approximately seven times that of a copper sheet of the 
same overall thickness, so that the value of p,, including end-rings 
and assuming perfect contact between weft and warp, was about 
37:5p, (see Fig. 5). The belt was supported at its edges and 
it was found necessary to use an air-gap of 0°44in to ensure 
that the belt wires did not foul the stator teeth. No attempt 
was made to improve the mechanical arrangement to reduce the 
air-gap, since it was felt that the effect of the large gap was 
readily calculable. The calculated value of tw at 10c/s was 
therefore 0:55. The properties of this belt when run at 7-5 ft/sec 


* Eqns. (4) and (5) refer to the 20% increase; any other percentage increase would 
introduce different constants. 


stator surface for a stator copper loss of 1 watt/cm?. For the 
30in-wide stator this is equivalent to about 10h.p. per foot 
length. 


(5) PLATE CONVEYORS 


Flexibility may be achieved without recourse to weaving wire 
by constructing the belt in the form of a series of metal plates 
which are bolted to two chains positioned along the edges of 
the belt. The chains run on sprockets which replace the rollers 
of the previous system. The use of solid plates appears advan- 
tageous from the aspect of obtaining a low value of p,, and it is 
true that values of p,g approaching p, are possible, provided 
that the individual plates are long compared with a pole pitch 
of the stator, so that the induction-motor action could be said 
to be conventional, and provided that the motor is wide enough 
in relation to a pole pitch for end-turn losses to be negligible. 
As is often the case in design, however, there are two conflicting 
requirements: the maximum length of the plates is limited 
mechanically by the required degree of flexibility, involving the 
clearances required when an individual plate is carried around a 
sprocket; at the same time, the shorter the plates, the greater is 
the restriction on the flow of rotor current, and purely electrical 
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Fig. 6.—Efficiency and output of woven belt conveyor at 7-5 ft/sec. 


—— Theoretical curves assuming no weft/warp contact resistance. 
—-—— Theoretical curves assuming 25% increase due to contact resistance. 
OOO Experimental points. 


were investigated. Fig. 6 shows the experimental results for 
efficiency and output compared with the curves predicted by 
eqns. (3) and (4), assuming no contact resistance between weft 
and warp (full lines) and a 25 % increase in resistivity due to this 
effect (broken lines). 

These results suggest that there is a slight increase in p, due 
to contact resistance. It is of interest to calculate the maximum 
efficiency which could have been achieved with this belt and 
pair of stator blocks. For example, had the air-gap been reduced 
to 0-184in, the peak efficiency would have been 41-5°% with a 
supply frequency of 8-33c/s. A still higher efficiency would be 
obtained if the pole pitch were increased. An optimum effi- 
ciency of 58% is obtained at 6:25c/s with a pole pitch of 18in 
and the same stator slot depth, but any further increase of pole 
pitch for the 6in-wide stator is detrimental. 

For the best results with woven belts, the wire of the belt 
should be sufficiently rigid to support itself between the stator 
blocks without reinforcing wire, so that p, can be minimized. 
If necessary, reinforcing wire can be included in the end-rings. 
The following data form an example of the high efficiency 
obtainable with a larger belt: 


Overall belt width .. ae 
Thickness of copper bars. . 
Spacing of bars : 


36in 
din 
1 bar every jin 


Stator width ae oe > 30in 
End-ring width .. as ee Wil 
Pole pitch .. ae BS e LOin 
Air-gap oe ve = .. O-4S5in 
Stator slot depth .. 3in 


Overall efficiency at a belt speed of 61 % (with a supply fre- 
7-5 ft/sec quency of 5c/s) 


The power output at peak efficiency from such a machine 
would be of the order of 3-2 watts per square centimetre of 


considerations are liable to place a restriction on the effectiveness 
of plate conveyors. 

The behaviour of induction machines whose rotor consists of 
discontinuous sections of conductor, in particular when the 
sections are two pole pitches or Jess in length, is not well known, 
although some theoretical work has been carried out by 
Shturman.® 7 


(5.1) Short-Rotor Effect 


The action has many features which are similar to those of a 
short-stator machine, for the behaviour of both types is largely 
dependent on the method of connection of the stator: parallel 
connection of short-stator machines results in high current 
density inside the edge of the stator, unless end-grading is used; 
series connection of short-rotor machines, on the other hand, 
results in high flux density outside the edges of the rotor. 
The principle of duality may be used to predict the properties 
of one from those of the other with the flux density and current 
density interchanging roles between short-stator and short- 
rotor effects, although it must be remembered that, when short 
rotors are used in sets, the behaviour will depend to a large 
extent on the space between adjacent conducting sections. It 
should also be remembered that the short-rotor counterpart 
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Fig. 7.—Effective rotor resistivity of a constant-flux 
short-rotor machine. 
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Fig. 8.—Flux distributions across a short rotor. 


@) Computed curves for a = 33:3cm, a/p = 2; 
@ c L results for a = 33:3cm, a/p = 2. 


(c) Computed curves for a = 17:91cm, a/p = 1. 


(d) Experimental results for a = 17-91cm, a/p = 1. 
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of a short-stator machine would contain an iron-cored rotor, the 
iron extending just as far as the conductor, and such a system is 
clearly different from one in which the rotor iron is continued 
indefinitely on either side of the short conducting section so as 
to make the magnetic circuit identical, both inside and outside 
the rotor. The double-sided motor, whose rotor consists of 
conductor only, falls into this latter category. 

The current distribution impressed and the force exerted on 
a short rotor by a parallel-connected stator which provides a 
uniform travelling wave of flux are evaluated in Section 9.2. 
Shturman®7 analysed a similar system, including the effect of a 
high-resistance end-ring connecting adjacent short-rotor sections, 
such as may be obtained in practice if a cast rotor has saw cuts 
made in the end-rings. The analysis of Section 9.2 is in agree- 
ment with that due to Shturman if the joining end-ring impedance 
is infinite. The rotor is seen to behave like that of a conventional 
motor with a higher resistivity than would be calculated on con- 
ventional theory from its dimensions. The effective resistivity, 
p,, is plotted against rotor length in Fig. 7. 

The theory of the transient behaviour of a single short rotor 
operated on by a series-connected stator is developed in Sec- 
tion 9.3. Since very few induction machines are parallel- 
connected, in the sense that the flux in every tooth is separately 
forced, the constant-current theory is likely to be more generally 
applicable to short-rotor machines. As with short-stator 
machines, the transient phenomena are not easily distinguished 
in machines with a low value of tw, and the theory of Section 9.3 
was verified using a conventional rotary-machine stator with a 
4-pole winding and a rotor in which only one short grid of rotor 
bars was inserted. 

Figs. 8(a) and (c) show the theoretical flux distributions for 
rotors of two and one pole pitches in length, while Figs. 8(b) 
and (d) show the measured flux distributions using a series of 
search coils on the rotor connected to a voltmeter through slip- 
rings. Further evidence of agreement between theory and 
practice is shown in Fig. 9, in which speed/torque curves are 
compared. 

The practical machine displayed a half-speed crawling pheno- 
menon which was not predicted by the theory of Section 9.3. 
The theoretical expression for /, may be obtained by substituting 
for j, and 6 from eqn. (27) in eqn. (17). The resulting expression 
contains terms which represent waves starting from both s = 0 
and s = a travelling in opposite directions across the rotor with 
exponentially decaying amplitude. Under these conditions there 
can be sets of standing waves set up which themselves have 
exponentially decaying amplitudes, and examination of the form 
of these standing-wave components reveals that in general their 
sum is not zero so that the rotor current as a whole will have a 
pulsating component. 

Should the stator not be perfectly current-fed, sub-harmonic 
currents will flow in the stator winding and give rise to half- 
speed crawling torques according to the well-known Gérges 
effect. Half-speed crawling torques, observed with the experi- 
mental machine are absent from the theoretical curves, owing to 
the assumption of perfect stator current feed. It was verified 
experimentally that a better current feed, produced by inserting 
impedance in series with the stator, reduced the relative size of 
the -half-speed torque component. The crawling phenomenon 
is almost certainly due to Gorges effect. 


(5.2) Experiments with Plate Conveyors 


Tests were carried out on the same linear stator as that 
described in Section 4, the structure being modified to enable 
the stator to drive a plate belt consisting of sheets of aluminium 
4in thick and 18in wide. Belts with plates of length 3, 6, 9 and 
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Fig. 9.—Speed/torque curves of short-rotor machines. 


Calculated curves for short-rotor machine. 

—--- Calculated curves for equivalent conventional machine. 
OOO Experimental points. 

@)salps=2; 

(b)nalpe— 1. 


18in were tested, the method of mounting the plates being 
shown in Fig. 10. Brake tests for a range of frequencies were 
carried out with each of the different rotor lengths, the belt 
speed in each case being maintained at 7-5ft/sec. Some of the 
results are shown in Fig. 11; the calculated curves show remark- 
able agreement, considering that no exact calculation exists for 
the effect of end-ring resistance in a short rotor. The calculated 
curves of Fig. 11 are based on eqn. (29), together with an 
end-ring resistance as calculated by Russell and Norsworthy° for 
a continuous sheet. It is clear that, in spite of the short-rotor 
effect, higher rotor conductivities and hence higher efficiencies 
are possible when using plates than when using a woven belt 
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Vig. 10.—The experimental plate conveyor. 
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Fig. 11.—Output and efficiency of a plate conveyor. 


Calculated curves for: ; 
(i) Equivalent conventional machine. 
(ii) ajp = 2. OO Experimental results. 
Gii) a/p = 1. x x Experimental results. 
(iv) a/p = 2/3. @@ Experimental results. 
(v) a/p = 1/3. A 4 Experimental results. 
(a) Output curves. 
(6) Efficiency curves. 


for the same size structure, even for plates only one-third of a 
pole pitch in length. When comparing the two sets of results 
from the experimental machine it must be remembered that the 
conductivity of the plate system is relevant to aluminium, whose 
resistivity is some 1-6 times that of copper. 

Eqn. (29) may be used to plot curves from which the per- 
formance of a given design of linear motor may then be predicted. 
Eqn. (4) is replaced by a combination of eqn. (29) and the 
expression for end-ring resistance of a homogeneous sheet,> 
namely 


iPiiges 
a tanh ~” 
TW 
aps + y) 
where y = tanh 2 tanh 
2p Pp 


The design outlined in Section 4 may be compared with that 
of a plate conveyor of the same size supplied at the same 
frequency, the design data being as follows: 


Stator width a oe youn) 
Thickness of plates oe ee 
Plate width ae aS sw - Chola 
Plate length # ~ ee LOT 
Pole pitch .. ra = ye KOMI 
Air-gap ie Be: ae sn, We Syria) 
Stator slot depth .. 5 nis urea 
Overall efficiency at 7:5ft/sec(Sc/s 75% 
supply) 
Power output at peak efficiency .. 4:5 watts per watt of 


stator copper loss 


It is also instructive to calculate the increase in supply fre- 
quency which is possible using a plate conveyor with the same 
stator as above in order to achieve the same efficiency as that 
of the woven belt. For such a design the pole pitch could be 
reduced to Sin and the frequency increased to 12c/s, when the 
power output would be approximately equal to that of the 
woven belt. 


(6) CONCLUSIONS 


Most of the experimental work was carried out at a belt speed 
of 7:5ft/sec, the choice of speed being quite arbitrary. It is 
clear that linear machines with properties almost as good as 
those of rotary machines can be built for surface speeds com- 
parable with those of the latter, but since it was felt that in this 
application the main problem was that of the low-speed require- 
ment, attention was focused on this aspect. The main disad- 
vantage of using linear induction motors for conveyors is that 
they require a low-frequency supply, the cost of which is probably 
prohibitive for many applications. Apart from this, it is clear 
that machines can be designed to have high efficiency and power 
factor and reasonable power output. 

It should be noted that the efficiencies and power output 
quoted for the designs in Sections 4 and 5.2 are not the optimum 
values for belt speeds of 7-5ft/sec and that still higher figures 
are possible at lower frequencies. The designer must, however, 
take into consideration the overall performance of the linear 
motor and frequency-changer. 

The short-rotor effect discussed in the second half of the paper 
has possible applications in other fields. Short-stator machines 
are designed to have a particular rotor resistivity which dictates 
the flux density in the machine. Some of the recent develop- 
ments of brushless variable-speed motors,” !° involve the use of 
short-stator machines with adjustable pole-pitches. It may be 
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possible to use short-rotor effect to advantage in such devices 
in order to shape the output characteristics, since a rotor two 
pole-pitches long for the low-speed setting becomes effectively 
one pole-pitch long at double speed, with corresponding increase 
in effective resistivity and hence of output. A detailed con- 
sideration of this application is, however, beyond the scope of 
the present paper. _ 
Shturman® 7 hoped to use the effective increase in resistivity 
of a short rotor to improve the starting properties of squirrel-cage 
induction motors, and it is true that an ‘inverted’ machine, in 
which the primary winding constitutes the rotor, which is fed 
through slip rings, can make use of a variety of stator connec- 
tions which effectively change the a/p ratio to improve the 
starting torque or even to produce variable-speed running. 
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(9) APPENDICES 
(9.1) End-Turn Resistance 
The basic equations from which the flow lines of current in 


the end-rings of induction motors and hence the effective end- 
ring resistance can be determined are given in Reference 5. 
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Evaluation of this resistance involves the substitution of four 
surface resistivities, two of which refer to the active conductor 
in two directions along and perpendicular to the field velocity and 
the other two to the end-ring conductor in the same directions. 

For the woven belt, three of these resistivities may be regarded 
as equal, the other being the resistivity under the stator in the 
axis containing the velocity vector. This fourth resistivity may 
be regarded as infinite. In this case the equations of Russell 
and Norsworthy may be used to evaluate the ratio of the total 
effective resistivity, p,, to the resistivity p,9 which would exist if 
the end-rings were of zero resistance and 


2p 


Ere rps 
TT W 


Pro 
where c is the width of the overhang, so that the total belt width 
is w + 2c. 

Eqn. (9) is represented in Fig. 5 in which p,/p,9 is plotted 
against c/w for various values of p/w. 


coth < . eee eC 
Pp 


(9.2) Current Distribution and Force Developed in a Rotor 
acted on by a Constant-Amplitude Flux Wave 
The short rotor shown in Fig. 12 is considered to be infinitely 
thin with a surface resistivity p,. Ifthe relative velocity between 
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Fig. 12.—Convention used in the analysis of Section 9.2. 


the travelling wave and the rotor is ou, the e.m.f., v, induced in 
an elementary strip distant s from one edge is given by 


v = bou, . (10) 
where the flux density b is given by 
b= Bsin Ge _ owt) Gb 


It is assumed that the rotor under consideration is of unit 
length at right angles to the direction of motion, being part of a 
much wider rotor in which end-turn impedance can be neglected. 
The leakage flux due to the rotor conductor is also neglected. 

If the element considered is the only source of e.m.f., a current 
j,ds flows along the element, j, being the rotor current density, 
and returns as a uniform current density across the area a — 8s, 
where the return current density is j,/(a — ds), which tends to 
j,/a as ds tends to zero. In the limit, where the rotor is con: 
sidered to be divided into an infinite number of elements, the 
current density in the element which is at distance s from the 
edge is given by current due to its own e.m.f. acting through its 


own resistance, less the return currents from all other elements 
Thus: 


which i is a travelling wave of current density in which the base- 
vine of the waveform shifts sinusoidally with time. 


“9.2.1) Force. 
), The total force, F, on the rotor is given by 


—_— 


F= [i j,bds 


1 Substituting for j, from eqn. (12), b from eqn. (11) and integrating 
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g Ba (1 ; sin ee (14) 
or the force per unit area is 

i ; sin? 6 
f =F (1 = =) (15) 


“where F’ is the force per unit area on a conventional rotor 
and 0 = ma/2p. 

The effect of the rotor length may be considered as an increase 
of resistivity from p, to p,/(1 — sin? 0/62) and this effective 
» resistivity is plotted against a/p in Fig. 7. 


(9.3) Flux Distribution and Force in a Short Rotor acted 
on by a Current-Fed Stator 


The stator and the rotor iron are assumed to be infinitely 
long, the stator and rotor currents are assumed to be concen- 
trated in an infinitely thin layer of conductor on the surface, and 
| the iron is assumed to be infinitely permeable and non-conducting 
| and there is no component of H along the air-gap. Fig. 13 


a J.VC(INTO THE 
f PAPER) 


if. jg=J, SING (x—u,t) 


b,h 


CONVENTION FOR POSITIVE 
DIRECTIONS ¢ 


SS 


Fig. 13.—Convention used in the analysis of Section 9.3. 


shows the relative positions of the stator wave and the rotor 
- at time ¢, the origin of ¢t being taken to be when the left-hand 
edge of the rotor is opposite the origin, O, on the current wave. 
_ The stator current density, /,, is assumed to be 


} fas. Sin AG = 89) 


_ where x and p are as shown in Fig. 13. For points on the rotor 


distance s from one edge, 


: 7S 
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| ; (7s 
j, may therefore be written as FF, exp ie — owt). 
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(a) (6) 


Fig. 14.—Elementary loops used in the derivation of eqns. (16) 
and (17). 


The calculations are based on unit width of rotor, as shown 
in Fig. 14(a). For the elementary loop ABCD, 


oj, ob 
pipe 16 
Pros Ot a 
For the elementary path shown in Fig. 14(d), 
; AH ee ob 
Via alive Ee Fine (17) 
From eqns. (16) and (17), 
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Now, a fixed point on the rotor will experience a sinusoidal 
variation of b at slip frequency in the absence of return current, 
so that b may be written 


b = Beioot (19) 


where B is a function only of s. Substitution of this expression 
and the one for /, in eqn. (18) yields 


2B icwB 
ge exp (20) 
bo ds Pr 
om 6 9 
Writing —- Tw = A, the complete solution of eqn. (20) is 
Pp 
eG exp’ + C, exp js/(GA) + Cy exp — jx/GA) . (20) 
ae 
where Cy = ——, = « + JB, say (22) 


1 
o? + (=) 
TW 
As in the short-stator theory, it is assumed that the flux density 
is a continuous function across the boundaries, so that 
by Bo = B, + jB, (say) 


b=B,=B; + jB, 


AG =O) 
and at s = a, 


where By and B, are the flux densities immediately outside the 
edges of the rotor. 


Thus Dent Galas (23) 
and 8, = G5 exp +C, exp jav/(jA) + C> exp —jar/(ja) 


(24) 
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Solving eqns. (23) and (24) for C; and C3, 


B, + (By — Co) exp — jav/(ja) 
exp — jay/(jr) — exp jav/(jr) 


Co) exp jar/(ja) 
C> SS ee SS ee LS oe ee ee Eee ke 
P exp — jax/(jA) — exp jav/(jr) 


Substitution of the values of Cp, C,; and C, from eqns. (22), (25) 
and (26) in eqns. (19) and (21) gives the general expression for 
the flux density b. Since j, = J, sin (7s/p — owt), By = 0 and 


Co exp Hibs 
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C; = (22) 


Bee Gx (By — 
- (26) 


B, = — (ppo/g)J, (see Reference 2). B, may be written 
ele pI Tw 
7 U, 
es PpJ TW eapae 
Us Dp 
and B,=-— Bee cos 4 
Us D 


Substituting the values of these constants into the general 
expression for the flux density and simplifying, 
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This expression has been computed for two particular cases anc 
the results are shown in Fig. 8. 


(9.3.1) Force. 


Writing b = B, sin (7s/p — owt) + B, cos (as/p — owt), where 
B, and B, are naan only of s, the total force F on the roto1 


is given by 
dg ¢ | 
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Evaluation of B, from the final expression for flux density anc 
mes Bives the following expression for the force, where 
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Eqn. (29) has been computed for two examples and the results 
are shown in Fig. 9. Other computed values using eqn. (29) 
are shown in Fig. 11. 
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SUMMARY 


_ An automatic method for designing housing-estate distribution 
systems is described which offers a practical and economical alternative 
© present design techniques. Substation positions and feeding 
wrangements are calculated instead of being determined intuitively, 
“esulting in better layouts and closer approaches to given engineering 
.|imits. The method was applied to four housing estates and achieved 
savings ranging from 6 to 15% of the m.v. mains expenditure required 
oy the previous manual designs. Apart from capital savings, uniform 
standards of design are obtained and designers are relieved of much 


\-edious work. 

The automatic method can facilitate management decisions by 
supplying cost figures for variations in design. For example, alter- 
‘native substation sites may be tested when optimum sites are difficult 
Ito secure, the cost of increase in assumed a.d.m.d. can be deter- 
a and variations in the number of standard cable sizes can be 


investigated. 


Special features of the automatic method are the division of irregular 
estate areas and a road-selection procedure which determines the 
‘shortest route between two points. 


(1) INTRODUCTION 


_ The formulation of economic design practices for housing- 
lestate distribution systems is of recent origin. There appears 
to have been little thought applied to this problem before the 
)end of the last war, when the rise in the price of copper, together 
/ with restrictions on capital expenditure and extensive housing 
/ development, led to systematic investigations into the economics 
of supplying housing estates.!:* Based on an analysis of 
| theoretical networks and statistical load investigations, a C.E.A. 
'and Area Board report recommended considerable changes in 
‘design practice. Completely interconnected networks were 
/ shown to be economically unjustified, and, instead, radial dis- 
tributors were recommended based on the single-main system 
‘(employing mains on one side of the road only), with cable 
cross-sections tapered towards the extremities. Formulae were 
evolved for the most economical number of substations and for 
the accurate calculation of cable sizes to cater for closely esti- 
‘mated future loads. This new design technique was adopted 
by most Area Boards and resulted in substantial capital savings. 
| However, the technique still requires much experience and 
skill. The designer cannot attempt to calculate the best sub- 
station positions and feeding routes because the time required 
‘would be prohibitive. Many decisions are therefore based on 
an intuitive examination of the estate layout. 

The high speeds and logical facilities of a modern digital 
‘computing machine have been used in an automatic design 
system in which the computer calculates many alternative designs 
_and selects the cheapest layout consistent with the given engineer- 
‘ing criteria of maximum demand, voltage drop, cable rating and 
interconnection requirements. Even with the available high 
computing speeds the time required to calculate all possible 
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combinations of substation positions and cable networks would 
still be prohibitive. The automatic design is therefore divided 
into a series of steps, thus substantially reducing the number of 
possibilities which need to be considered for the best design. 


(2) DESIGN PROGRAMME* 


The logical ideas on which the automatic design programme is 


based are described in detail in subsequent Sections. Briefly, 
the programme works as follows: 
The computer calculates the number of substations. It then 


selects initial substation positions by an approximation procedure 
which ignores the road layout. The results may not be prac- 
ticable; for example, a position may not be accessible. The 
automatic operation is therefore interrupted and the designer 
chooses several feasible sites in the vicinity of each initial position. 
The computer uses the sites nearest the initial positions to design 
an initial cable layout which is based on the shortest possible feed- 
ing routes. An improved cable layout follows which departs 
from the shortest-feed criterion where savings can be achieved, 
and this selects the cheapest combination of cable sizes for the 
substation sites used. 

Other cable layouts are then tried with alternative sites in 
search of the best substation sites until the best overall design is 
selected by the machine. 

For large estates the complete procedure is repeated with other 
numbers of substations, above and below the calculated number. 
Cable designs can be prepared for copper or aluminium con- 
ductors; alternatively, designs can be obtained for both types of 
cable so that the cheaper type can be selected. 


(2.1) Initial Substation Positions 


Fig. 1 shows the plan of one of four housing estates for which 
test designs were prepared.? In addition to the private dwellings 
there are several other classes of consumer; for each class an 
estimate of the ultimate after-diversity maximum demand must 
be made by the designer. In this particular case, the values for 
ultimate a.d.m.d. per consumer were taken as 2kW for houses, 
100kW for schools, 3kW for shops, 20kW for nursery schools 
and 10kW for the church and public house, respectively. 

To simplify the calculation of initial substation positions, the 
estate area is divided into 4-acre squares [Fig. 2(a)(i)], and the 
load within each unit square is assumed to be concentrated at the 
centre of that square. It is also assumed that the shortest possible 
straight-line distance connects each concentrated load to its 
supplying substation, i.e. the actual road routes are ignored. 
This simplifying assumption is reasonable for estates with well 
interconnected roads. Where roads are insufficiently intercon- 
nected for the electrical distribution, it was observed that the 
design engineer is almost invariably forced to route some cables 
off the road system; hence the simplifying assumption was also 


* A programimie is a list of orders which, when supplied to the computer, will cause 
it to perform the desired operations automatically. 
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Fig. 1.—Development plan for estate No. 2. 


Substation positions 


Actual. 


@ Calculated (optimum feasible site). 


B] Coincident. 


w=. me: Estate boundary. 


considered reasonable for such a case. The values of concen- 
trated loads, together with x and y co-ordinates which identify the 
square, are supplied to the machine. This information effectively 
represents a load map of the estate for the calculation of the 
number and initial positions of substations. The number, n, of 
substations is computed using the formula? 


eee 


1/2 
: oe an. Se 
" x 14 51) (1) 


where A = Area of estate, acres. 
C = Cost of copper for 0-1 in? 4-core cable, £/yd. 
P = Load of estate, kW. 
S = That part of the substation cost which is indepen- 
dent of x. 


The selection of substation positions is based on a minimum- 
cost criterion for voltage-drop restrictions only; transmission 
losses are not considered, because, at the present relative costs 
of copper and energy, the cost of losses may be neglected.? 

Assuming full use to be made of the permitted voltage drop V, 
for each concentrated load J situated at a straight line distance / 
from its supplying substation the cross-sectional area or cable 
size a is given by 


I 


Hence a= Kl 


The cost, C, is approximately proportional to the total volum 
of conductor, so that, for the complete estate, 


C=KhUIR 2... ose 


where K, and K, are constants and / = (x? 4+ y?)!/2, 
For minimum costs, eqn. (2) should be a minimum. 

The calculation of initial substation positions presents tw 
problems: 


(a) The allocation of concentrated loads to the nearest substatior 
(6) The calculation of the best substation position within its are 
of supply. 


An iterative process was evolved which starts with approximat 
substation positions. The concentrated loads are first allocate 
to the nearest substation, using the straight-line principk 
Improved substation positions are obtained by calculating th 
centre of gravity of load* for each area of supply and movin 
the substations from the approximate starting positions to th 
centres of gravity. The concentrated loads are then re-allocate 
to the nearest improved substation and new centres of gravit 
are calculated for the adjusted areas of supply. The process ¢ 
re-allocation, centre-of-gravity calculation and movement to th 


* From eqn. (2) it follows that minimum costs are achieved when the substatic 
coincides with the centre of gravity. 
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new centres of gravity is repeated until there is no significant 
difference in the substation positions for two successive iterations. 

The iterative process requires starting substation positions 
which are well separated, otherwise there is a danger of sub- 
station movements being restricted before optimum positions are 
reached. 

Two methods for choosing starting positions were developed. 
The first originated from the idea of dividing the area into 
approximately equal parts, and uses a programmed scan for 
extracting a number of squares from the estate area. The 
centres of these squares are taken as starting positions. In the 
second method, starting points are located on the estate boundary 
at equal intervals. 

The square-extraction technique is illustrated in Fig. 2. The 
complete estate, which requires five substations, is shown in 


AES 


— 
QO 
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co-ordinates of the estate plan interchanged, i.e. with the estat 
area inverted. This generally results in a different configuratio 
of squares. 

In the second method, the starting points are found by scannin 
the border and choosing five equally spaced points on it. Thre 
such sets of starting points are obtained by advancing the point 
by increments around the border. 

Using the square-fitting technique for the normal and inverte 
areas and the boundary division method, five sets of startin 
points are thus obtained. The iterative process previousl 
described is used with all five sets in turn, and the best substatio: 
positions are chosen by retaining the result which gives th 
minimum cost according to eqn. (2). 

Two alternative minima are shown in Fig. 3, which als 
shows the converging paths of substation positions for variou 
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Fig. 3.—Actual and calculated substation positions for estate No. 2. 


Substation positions 


O 


Actual. 


{4% Calculated (optimum). 
@ Calculated (non-optimum). 


Converging paths for starting points at 


Centres of squares (3 steps). * 


----— Boundary (9 steps).* 


Boundary (8 steps). 


* Optimum results. 


Starting from the bottom right-hand corner and 


starting conditions. 


Whilst the short paths for the square 


Fig. 2(a). 
working to the left and upwards, five small squares (3 x 3 units) 
are positioned. This is repeated, increasing the sides of squares 
by one unit [Fig. 2(b)] until just five squares can be contained in 
the area. In the case shown, the maximum size squares are 
7 x 7 units [Fig. 2(c)]. An alternative set of starting points 
is obtained by repeating the square-extraction scan with the 


centre starting points are fortuitous for the case shown, it wa 
generally observed that the square-fitting technique require 
fewer reiterations and produced fewer non-optimum solution 
than peripheral starting points. 

A variant of the iterative process allows for any of the sut 
stations to be fixed and initial positions to be calculated fc 
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‘be remainder of the substations. This procedure has been 
\esigned for three cases: 


(6) Where one or more of the substations for the new estate are 
‘i also required for reinforcement of existing networks and therefore | 
_ Must be moved from the calculated position. (Alternatively, rein- ania 


hb wh areas eae be included in the new estate area at the outset.) 4 
fe (c ere substations are fixed because large consumers agree t i i i 
+ provide them (e.g. schools and blocks of flats) Bo Select shortest feeding routes, classify road sections 
Nk : 
q > | 


—— 


il (2.2) Feasible Substation Sites i, 
_ The initial substation positions obtained by the computer “ern 
. : Collect d ini i 
will normally not be practicable, since the calculations dis- Sse Sisttibenceilond,-calculete Run eames Dia sae 
)| tegard the housing and road layout. The design engineer there- u 


fore examines the initial substation positions and preselects, for 
ach initial position, several sites within a radius of approxi- 
mately 50yd. Information concerning these sites is supplied to 


Calculate theoretical sizes. Has the number of outlets 
to be supplemented ? 


the computer for the cable layout calculation, and the final selec- t y 
‘tion of the best sites is made automatically from the several oe Ns 
‘preselected sites. If any site is fixed (Section 2.1) the location if 1 


of this known site is supplied as the only one for the substation | | 
concerned. iL Supplement outlets 


| The manual method of preselecting feasible sites was used in l 

order to produce realistic final sites. Alternatively, the machine << eS 1 
| could have been programmed to move a substation from the 
; initial position to the nearest road and continue the movement 
along roads until the minimum-cost position was obtained. But 
| this method would still require a final manual adjustment and 
i re-calculation to obtain accurate costs for the final sites. 


Calculate practical cable sizes and costs; increase sizes 
for interconnection where necessary; retain lowest 
cost design. (First design is the initial cable lay-out.) 
Have all sections without distributed load been tested ? 


No Yes 


| (2.3) Initial Cable Layout 
| The flow diagram of Fig. 4 indicates the broad outlines and 


it. 
i procedure of the cable design scheme. Remove one section without 
| distributed load 


i (2.3.1) Selection of Feeding Routes. 

| The road layout is divided into road sections by using the road 
junctions as splitting points or ‘nodes’. The information con- 
| cerning load, number of consumers, length of section and a 
number symbol for each node is supplied to the computer for 
| every road section (Section 7.1.2). The road network is thus J 
| presented to the machine as a list of numbers rather than by a 
- conventional co-ordinate system, because this results in a simpler 
| programme and speedier calculations. Adjacent sections are 


Adjust feeder boundaries for minimum costs; store lowest 
cost improved cable layout 


Is it possible to test another site? 


No 


found automatically by inspecting the node symbols. Using the 
_ substation sites nearest the initial positions, the machine is 
| instructed to progress from node to node in search of the shortest + 


feeding route for every road section. Adj : a 
; wes 3 ust substation position 
_ This search is in the nature of a maze problem. The machine J 


| effectively ‘looks’ at the plan of the estate and allocates each | 
| BITE in | 


_ road section to the nearest substation. ‘en. 
To limit the large number of possible routes, the initial radius | et eer nee eaten 
_ of search for a substation is kept small by starting with a permis- 


“sible feeding length of 140yd. (This length was found by i) 


experiment to result in the shortest computing times.) If no ; 
‘substation is found, the radius of search is extended in steps by Repeat with other number of substations for large estates 


increasing the permissible feeding length up to an arbitrary 
maximum of 700yd. This length is, of course, unreasonable, <= 


: and if ever reached it is due either to a machine fault or faulty Mela Oe nomen ol cable exit caer 
input data. The machine then prints ‘no substation’ and stops. 


(2.3.2) Calculation of Cable Sizes. 

A radial distributor has a tree-like structure, the main stem 
near the substation having the largest, and the extremities having 
the smallest, cross-sectional areas of conductor. Opportunities tributor. 
to vary the size of cable exist at every node, and, as voltage drop important. 


is a limiting factor more often than current-carrying capacity, 
many combinations of cable sizes are possible within the dis- 
Selection of the cheapest combination is therefore 


ies 
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In order to achieve rapid results the calculation is carried 
out in two stages: 

(a) Theoretical sizes are calculated first to reduce the range of 
possibilities (Section 7.2.3). 

(b) Practical sizes are selected next by testing for the cheapest 
combination of standard sizes which will not exceed a voltage drop 
of 6% from substation to any extremity. (The remaining 6% of 
the 12°% total permissible range is allocated to the high-voltage 
system and service cables.) Only a narrow range around the 
theoretical size—or the minimum size for current rating if this is 
greater than the theoretical size—is investigated. 


In practice, the optimum range was found to consist normally 
of only two sizes: the lower limit is either the standard size just 
below the theoretical size or is equal to the minimum size. 
The upper limit is one standard size above the lower limit. 
Provision to extend the upper limit is made but seldom utilized. 
Theoretical and minimum sizes are also used to decide when a 
single cable is inadequate, and, if necessary, road sections with 
excessive loads are supplemented by one or more parallel 
sections. 

Interconnector requirements are considered after calculation 
of the practical sizes. On the basis of lowest cost, intercon- 
nectors are selected, and increased in size where necessary, to 
provide transfer capacity to the extent of one-third of the loading 
on each substation. Where cable sizes have to be increased the 
minimum current-rating size is replaced by the minimum inter- 
connection size, and the practical cable sizes are recalculated, 
because the increase in interconnection sizes sometimes allows a 
reduction in sizes of other cables. 


(2.4) Improved Cable Layout 


The selection of routes from loads to substations is based on 
the principle that the shortest feed is the most economical, as 
theoretically it results in the lowest possible voltage drops and 
transmission losses. 

Analysis of well-designed estates showed that this principle 
was generally adhered to, but two exceptions were observed: 


(a) Where the shortest feed includes a section of road which has 
no distributed load of its own, and hence does not require a cable 
itself, it is occasionally more economical to adopt a longer feed 
which avoids that road section and thus saves some excavation costs. 

(6) Because there are only a few standard sizes of cable in use, 
it is often impossible to utilize the maximum voltage drop com- 
pletely. By inspecting the voltage drops actually achieved at the 
distributor ends, cost improvements can sometimes be effected by 
slight rearrangements of the distributor boundaries. Any variation 
of jointing costs caused by such an alteration must also be taken into 
account. 


The programme attempts design improvements by first trying 
all possibilities under (a) and then (6). 


(2.5) Best Overall Design 


When the improved cable layout, which uses the sites nearest 
the initial substation positions, is complete, further calculations 
are performed to determine whether any other site gives a more 
economical system. 

The sizes of distributor outlets are compared at every sub- 
station, and when a large size is noted in one particular direction 
a trial move is made to the nearest site in that direction, provided 
that such a site exists. If the sizes of distributor outlets are 
equal, the trial move is made in the direction of the most expen- 
sive distributor. After the direction for a trial move has been 
determined, the feeding-route selection procedure (Section 2.3.1) 
is employed to find alternative trial sites. Only one trial move 
is made at any one time and a new cable layout is designed. If 
the new layout is cheaper it is accepted and further trial moves 
to other sites for the same substation are investigated. If, on 
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the other hand, the new layout is dearer, the old design ; 
retained and trial moves progress to other substations. Th 
final cable layout therefore uses the best sites as final substatio: 
sites and represents the optimum design within the givel 
restrictions. 

These adjustments effectively remove inaccuracies due to th 
approximating assumptions for the calculation of initial sub 
station positions. However, in the majority of cases tested, th 
site nearest the calculated position proved to be the best. I 
the few cases where other sites were accepted, no marked effec 
on neighbouring substations was observed. . 


(3) ENGINEERING AND ECONOMIC COMPARISONS 
BETWEEN MANUAL AND MACHINE DESIGNS 

Four test designs have been calculated on the Mancheste 
University Mark I Computer and are compared below wit! 
actual manual designs. Identical data, e.g. types of cable an 
a.d.m.d. figures, were used for both designs. Estates Nos. - 
and 2 were manual designs for demonstrating the technique 0 
tapered single-main systems.”»? Estates Nos. 3 and 4 were chosei 
at random from available records of one Area Board. 

Two separate automatic designs were prepared for each estaté 
One design was based on the substation sites calculated by ti 
computer (Fig. 7 and col. 4 of Table 1); the other design retains: 


Table 1 
Cost COMPARISONS BETWEEN MANUAL AND AUTOMATIC 
DESIGN 
Automatic designs. 
Saving over manual design costs 
z Meoval design. = 
state -V. cable ‘ni : 
number and excavation ee Excess facilities 
total costs design with 
Actual Calculated actual _ 
substation sites | substation sites | Substation sites 
1 £7 438 £444 £484 £334 
2 £11 624 £440 £696 £120 
3 £6 939 £144 £458 £144 
4 £8 446 £1200 £1 226 £428 


the actual sites, i.e. the substations used by the designer (Fig. 
and col. 3 of Table 1). Two comparisons with the manus 
design (Fig. 5 and col. 2 of Table 1) were therefore possible: 


_(@ Observation of total improvement due to better substatio 
sites and better cable design. 


©) Observation of partial improvement due to better cable desig 
only. 


Col. 5 of Table 1 is included because three of the four manu: 
designs provide interconnection and control facilities in exce: 
of requirements; the ‘excess facilities costs’ have been obtaine 
by modifying the designs using actual sites to include the sam 
generous interconnection and number of substation outlets < 
provided in the manual designs. All the savings shown i 
Table 1 allow for the cost of preparing automatic designs b 
deducting the estimated design costs (Section 3.4) from tt 
capital savings, i.e. from the difference in cable and excavatio 
costs between the two methods of design. 


(3.1) Substation Positions 


The optimum substation sites were observed to be invariabl 
near the initial, calculated positions (cf. Figs. 1 and 3)... Fig: 
also shows that the non-optimum positions obtained by one « 
three computations coincide closely with the actual sites. Col. 
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Fig. 6.—Automatic design, using actual substation sites, for estate No. 2. 
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Fig. 7.—Automatic design, using calculated substation sites, for estate No. 2. 


of Table 1 shows that the maximum savings were achieved in 
every tested design when calculated substation sites were used. 


(3.2) Cable Design 


It is interesting to analyse the differences between a manual 
cable design (Fig. 5) and an automatic cable design using the 
same substations (Fig. 6). There are many minor variations; 
for example, in road sections 1-2-3 the designer used one 
0-06in? cable, but the computer showed that it was cheaper to 
segregate feeds at node 2 and to use two 0:04 in? cables, even 
after allowing for increased joint costs. 

More important economies are effected by the computer 
selecting some feeding routes which differ from the manually 
chosen routes. For example, the automatic design used road 
section 6-7, but not road section 4-5, resulting in an overall 
reduction of cable requirements for the feeders concerned. 

Thus the computer’s greater capacity for detail and its more 
thorough search for alternative routes achieve significant savings 
in cable expenditure. 

Cable terminations in the automatic design extend to road 
nodes, whereas the manual design shows the common practice of 
shortening such cables to the last house block. It was not 
considered necessary to programme these length reductions, but 
they are taken into account in the present comparison. 

Small variations in the feeding routes to some load blocks 
(e.g. road section 8-9, Figs. 1, 5 and 6) are caused by the 
automatic layout being confined to roads given in the data, 
whereas the designer occasionally decides to lay cables along 
paths or directly in gardens. 

Until the present input methods are mechanized (Section 4) it 
will not be possible to retain sufficient data for the automatic 
programming of such deviations. However, if a cursory inspec- 
tion of the results suggests that an apparent improvement is 


possible by introducing additional cable routes, any such modifi- 
cation can be readily included in the data and tested by repeating 
the design. Provisions for such additional cable routes are 
essential when feasible substations sites are chosen (e.g. section 
10-11, Figs. 1, 5 and 6). 


(3.3) Excess Facilities 


The machine always selects the most economical number of 
distributor outlets from substations, whereas manual designs 
appear to use a criterion of maximum load, or maximum number 
of consumers, per outlet. This criterion results in more outlets 
and greater costs than automatic design for estates of low load 
density (e.g. estate No. 2, Figs. 5 and 6), but there is no difference 
in the two design methods for high-load-density estates. Various 
factors must be considered. With regard to the current rating 
it is better to install two 0-1in* cables than one 0-2in? cable, 
but no improvement in voltage drop is achieved, in spite of the 
greater cost of the two cables, since the total resistance remains 
constant. On the contrary, less favourable diversity due to the 
splitting of the load causes an increase in voltage drop. On 
balance, two cables are generally costlier to lay and control, 
and the programme therefore always selects the lowest possible 
number of feeder outlets. 

Figs. 5 and 6 show that some cable sizes for interconnectors 
between substations are smaller in the automatic design. The 
automatic design is based on minimum engineering criteria—in 
this case, one-third of the substation capacity should be trans- 
ferable over interconnectors—whereas design engineers tend to 
be more generous. 


(3.4) Design Preparation Costs and Reliability 


The Manchester University Mark I Computer, on which the 
design programme was developed, is obsolete and not sufficiently 
fast to make automatic design an economical proposition. 


) 
} 


" 
( 
i 


Savings as quoted in Table 1. 


i 


gramme still produced some savings. 


. variations in basic design criteria. 
. cables can be varied in a study of the optimum cable stan- 
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i 

“Computing costs are therefore based on faster machines such as 
la Mercury computer. The design programme has not yet been 
adapted for Mercury, but the computing times can be estimated 
accurately. The designs detailed in Table 1 are expected to 
/ Tequire a range of 10min for the simplest estate (No. 4) to 
40min for the largest estate (No. 2). Allowing for a hiring 
charge of £70 per hour and data preparation costs of £5 per 


estate, the total computing costs for estates Nos. 1-4 are thus 


estimated at £25, £50, £40 and £20, respectively. These costs 


were deducted from the capital savings to obtain the figures of 
The cost of manual design, on 
the other hand, depends not only on the size of estate, but also 
on the desired quality of design and the ability of the designers. 


| It will probably vary from £10 to £20. This cost has not been 


taken into account in the comparison, and therefore the quoted 
Savings are a little underestimated. 

_ Many safeguards are ‘built into’ the programme to stop the 
machine when the programme departs from its designed sequence 
Owing to a computer breakdown. These safeguards act very 
rapidly, and therefore final results are almost always error-free. 
In contrast, the comparison revealed some errors in the manual 
designs. 


(4) CONCLUSIONS AND POSSIBLE DEVELOPMENTS 

The automatic method of design has shown that the experi- 
enced engineer often achieves manual designs which are similar 
in many respects to automatic layouts. However, detailed 
comparisons reveal the computer designs to be more eco- 
nomical. Maximum savings ranged from 6 to 15% of the 
capital expenditure when automatic designs, using calculated 
sites, were compared with manual designs. Use of the actual, 
previously chosen sites in the automatic cable design pro- 
Even when adjustments 
were made to the automatic design to provide the same excess 
facilities as the manual design—which were not necessary to 
comply with accepted standards of supply—the cable layout 
was still better and cheaper than the manual design. Further- 
more, the automatic design saves skilled labour and achieves 
uniform, high standards of design, irrespective of any cost 
reductions achieved. 

The automatic method can be used to study the economics of 
For instance, the number of 


dards. As an example, the design of estate No. 1, which 
initially used six cable sizes (0:0225, 0:04, 0-06, 0-1, 0-15 and 


. 0-2in”) was repeated with five sizes, omitting the 0-022 5in? 
cable. 


This resulted in an increased cost of £190. Another 
redesign with four sizes (omitting the 0:15in? cable as well) 
increased the cost further by £320. No definite conclusions can, 
of course, be drawn without subjecting a large number of 
estates to such tests and also investigating overhead costs, but 


the results suggest that a 5-cable standard might be the optimum. 


Preliminary investigations show that an automatic scanning 
system* could be used to read the data directly from a map. 
Such a system would considerably facilitate the preparation of 


data; furthermore, it would enable the design to be made 


completely automatic, since it would be possible to programme 
both the preselection of feasible substation sites and the creation 
of cable routes additional to the road network when such routes 
were necessary. 

Alternatively, the preselection of sites would be unnecessary 
with a new construction technique using underground trans- 
formers. These could be placed anywhere on the road net- 
work, and would result in better layouts and further substantial 
savings. In present practice, a plot of land must be secured 


for every transformation point and it is not certain that the 


ee 
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best sites chosen by the computer will be secured from the 
estate developer. Therefore, the savings quoted may not, in 
fact, be achieved. On the other hand, automatic design should 
prove of considerable help during negotiations, since the results 
could be used to substantiate the case for good sites by quoting 
the exact extra cost for less favourable sites. 

Consideration of the cost of transmission losses could be 
readily incorporated in the programme and the high-voltage dis- 
tribution design could also be included. However, in the four 
tested designs, neither the cost of l.v. losses nor the h.v. cable 
costs proved to be significantly different for the two design 
methods. 

Ideas for route selection between load and substation might 
find other applications, and it may be possible that the methods 
for siting substations will find uses in other distribution 
problems which involve a division of irregular areas. The 
iterative process described could be used to locate substation 
positions for reinforcing existing networks. 
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(7) APPENDICES 
(7.1) Details of Data 


(7.1.1) Substation Calculations. 

For the initial substation calculations, one line of data repre- 
sents the co-ordinates and loading of one unit area (in? on 
1/2 500 scale, or 4 acre) as follows: 


xco-ord. yco-ord. Load, kW 


XxX XX xX 


X stands for any figure 0 to 9 inclusive. For example, a line 
of data given as 000309 refers to unit area x = 00, y = 03 
containing a 9kW load. 
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Information concerning the feasible substation sites takes the 
form of one 6-figure number, specifying the node, and a 2-figure 
number, specifying the substation number, for each site. 


(7.1.2) Cable Design. 
The following information is given for every road section: 


Node symbol Node symbol Load No. of 
at one end at other end Length kW consumers 
XXXXXXK XXXXXX XxX XXX XXX 


Nodes are described by consecutive simple numbers 1, 2, 3, 
etc. For a possible future automatic intake of information six 
figures are allowed, however, to facilitate a correct positioning 
in space by means of two 3-figure x and y co-ordinates. The 
length is in units of sin on a 1 : 2500 scale map (equivalent to 
2:18 yd). The load in kilowatts and the number of consumers 
occupy the last two groups of three figures. 


(7.1.3) Constants. 


Costing information and cable particulars are contained in a 
‘constants’ tape. On-costs are added and all constants are 
printed out as a check prior to the start of the design programme. 
An example of the computer check print is shown in Table 2. 


Table 2 
Explanations Computer Print 
Copper (C) or aluminium (A) aa a (C 
Number of standard cables used .. 
Size (in2), price with on-cost (£ per 1000 yd) 0-04 785 106 
and capacity (kW) 0-06 966 135 
0:10 1444 181 
0:20 2363 276 
Substation cost, £ : 500 
Excavation price with on- -cost, £ per 1000 yd 506-25 
Straight joint price, £ : ae 12 
Material on-cost, % . ifg/S bs) 
Labour on-cost, "of 26°50 


(7.1.4) Restrictions in Data and Constants. 


The length of a road section is virtually unlimited, but as 
there is no automatic division of very long sections it is preferable 
to separate lengths in excess of 64 units (139 yd). For accuracy, 
a road section must be divided if the density of its distributed 
loading changes significantly. A maximum number of 248 road 
sections can be stored, and no more than four road sections may 
meet at one point. The total load on a substation must not 
exceed 1 MW, and no more than 12 substations can be accom- 
modated. It is possible to use up to six standard cable sizes of 
any size up to 1 in?. 

Most of these restrictions are necessary to avoid exceeding 
the computer storage capacity. They have been so chosen that 
there is little likelihood of interference with the most extensive 
schemes. 


(7.2) Design Scheme 


A detailed description of the programme will be found in 
Reference 5, but some mathematical and logical details are given 
below. 


(7.2.1) Classification of Road Sections, 
Road sections are defined, and marked by special digits: 


End sections.—A road section ending in a cul-de-sac. 

Split section—Where the two ends or nodes belong to different 
distributors, the correct dividing point is determined by making 
the distances from substation to dividing point equal for both 
distributors. 

Pseudo end section.—To avoid short pieces of cables near road 
junctions the distance from section end to dividing point is 
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tested, and if it is less than 12 units (25 yd) the dividing point i 
moved to the end. 

Through sections.—A road section which serves to connect an} 
of the above sections to a substation. 

Substation sections.—A section with a substation at one end 

No-cable sections—Any split section or end section whicl 
contains no distributed load is now marked as ‘redundant’, since 
no cable will be required for it. Through sections having neithe: 
distributed load nor through load are treated similarly. 

Through sections without distributed load, but carrying 
through loads, are specially noted for future possible transfer: 
of their through load to other sections. 


(7.2.2) Load Calculations. 

Effects of diversity and unbalance are treated according ta 
Reference 2, which specifies two multiplying factors for unbalance 
and diversity; these are combined in the design programme. The 
two factors are not applicable to large consumers, who are often 
restricted by agreement to a specified demand and normally 
maintain a reasonable phase balance. A load/(number of cor- 
sumers) ratio test is included for this reason, and if the ratio 
exceeds 10 the combined factor is taken as unity. 

A derating factor is applied to the total section load, and the 
smallest cable which can carry this adjusted load is selected as 
the minimum size. A special mark is inserted if no standard 
size has a sufficiently large rating, and these specially marked 
sections are later reinforced by one or more newly created road 
sections. 


(7.2.3) Theoretical Sizes. 


Karapetoff® derived an ‘equivalent feeder’ method to calculate 
the most economical cross-sectional areas of conductors, based 
on voltage-drop considerations only, for radial feeders with point 
loads at their extremities. This method was adapted for systems 
with distributed loads by introducing an imaginary feeder of 
zero length at the extremity of each feeder carrying a distributed 
load. 

Fig. 8 shows such a feeder system. Two point loads P and 
Q, requiring currents J, and J,, respectively, are supplied from a 


FEEDER’ 


S. 


IMAGINARY en ohare meek 
FEEDER 3 OF °3) 


LENGTH 13=0 


ae Eau VAL ENT 
FEEDER 


FEEDER O 


Ip=l,+Iatls 
(DISTRIBUTED LOAD = 215) 


FEEDER 2 


SUB- 
STATION 


Fig. 8.—Theoretical radial feeder. 


substation by feeders 1 and 2 of length /, and /,, respectively, and 
the common feeder O of length Jp. 

Let I; be the terminal load on an imaginary feeder 3 (feeder 
O-S in Fig. 8), replacing a distributed load of twice the value 
of J; in feeder O, and let /; be the length of the imaginary feeder, 
equal to zero. 

The amount of conductor metal will be a minimum if the 
total permissible voltage drop at the extremities (points P, Q 


land S) is fully utilized. This requires the choice of the optimum 
voltage drop at the junction of the four feeders (point O). 

; Let do, a,, a>, a3, be the best theoretical sizes of cables for 
feeders 0, 1, 2 and 3 respectively. 

As in the case of eqn. (2), it is assumed that the cost is propor- 
tional to the volume v of the conductors, which is given by 


v= Aglo 4- ayl, a Al, a 313 . 5 5 < (3) 


9 Considering a single wire bf a 3-phase system and choosing 
the voltage drop at P, Q and S to be the maximum permissible 
voltage drop V, let the unknown voltage drop at the point 
? be V,,. 


Then vay — Plt _ pha _ pli Pano (4) 
ay a a3 


Plo +h +b) _ plolo 
Ag a 


Ve. = 


(5) 


| Substituting eqns. (4) and (5) into eqn. (3), differentiating and 
| equating to zero for minimum, we have 
Ld, +bh+6h)'? dy + 13h + 131)!" 

Vs Ane Vy, 


— Ct, + 13h)! 


a (6) 


since /, = 0 


)) The two feeders 1 and 2 may be replaced by an ‘equivalent 


feeder’ O-R of length Jj, carrying current (J; + /, + J;) and 
)) giving the same voltage drop (V — V,,) as each individual feeder, 


|, where ie et, (7) 


Then iy = (8) 


Hi, + BL \ 
realy peat 7) aoe 


a 


Length /, is added to /p, resulting in a fictitious feeder which 
may be treated exactly as a normal feeder. The theoretical size 
| da can now be calculated and the voltage drop at point O found 
by proportion. Finally, theoretical sizes a, and a, using the 
remainder of the allowable voltage drop can be obtained. 


(7.3) Computer Output Details 


(7.3.1) Initial Substation Calculations. 

The printed output, with explanatory remarks, for test design 
No. 2 is shown in Table 3. 

Substation positions are given by x and y co-ordinates, and 
loads on each substation, as well as total load, are recorded. 


— 
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Table 3 
RESULTS OF INITIAL SUBSTATION CALCULATIONS 
Explanations: Computer print: 
Area as number of 1 acre 451 
squares 
Total load, kW... 1 734 
Number of substations cal- 5 
culated 
Number of squares fitted . . 5) 
Nowllex = 19°75 y= 7 SI 449 kW, 
Substation numbers, No. 2: x = 10:00; »y = 15-01; 300kW 
co-ordinates and loads No. 3: x = 16°00; y = 22:26; 334kW 
No.4: x = 5:50; y = 23:00; 325kW 
UNo. Sx = 26:25) = 27-52: 326k W. 
Number of iterations a0 3 
2X load x (x2 + y?2) ve 1414-656 


(7.3.2) Best Overall Design. 


Table 4 shows parts of the printed output of cable layout and 
substation positions for test design No. 2, and also gives an 
explanation of the abbreviated headings. 


Table 4 
Explanations 
Cumu- 
Nod Nod Hength Sub- | Cable | SUA 
gheond ier aa pte root eee ay voltage 
Computer print 
x1 Vi x2 y2 1 kW SS A Vp 
0 1 0) DZ 28 12 2 0:04 Bye} 
0 2 0) 3 40 24 2 0-04 5-38 
0 4; 0 5) 46 
0 6 0 7 24 28 5 0-04 5-39 
0 8 0 9 20 8 5 0-04 4:64 
0 46 0 65 14 1] 4 0-04 6-02 
| | | WS 21 Ze ODO 6:06 
0 | 120 | 332 1 | 
0 | 54 353 2 
DR No. 1: £1 147. 
DR No. 2: £1215. 


DR No. 10: £1433. 
DR No. 11: £930. 
Total: £11 644. 


Lines with no output apart from nodes and length represent road sections where no 
cable is required (section 04-05, also shown in Fig. 

‘Split sections’ (i.e. road sections which contain ‘a splitting point between two 
feeders) are given by a pair of lines, the second of which has no co-ordinates 
(section 046-065). 

Final substation sites are recorded in lines which specify one node only, together 
with the load on the substation and its reference number. 

Costs for each distributor DR and total costs are recorded at the end of the output. 
This total is the computed cost without the adjustments detailed in Section 3. To 
arrive at the figures of savings (Table 1) the computing costs must therefore be added. 
The estimated excess costs for distributors extending to road nodes, instead of 
terminating at the last house, must be subtracted from the total cost. 


ha [The discussion on the above paper will be found on page 314.] 
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SUMMARY 


The results of an investigation into the mathematical design, as 
distinct from analysis, of electrical power-system networks are 
described. 

Starting with geographical positions of the substations which it is 
required to interconnect, it is shown that a set of equations can be 
obtained which are solvable by linear-programming techniques to 
obtain a minimum-cost network design. Any security of supply con- 
ditions considered necessary can be incorporated into the design 
equations. 

Solution of the resulting linear programmes requires the use of a 
digital computer; the necessary computer size, and amount of com- 
putation, increases rapidly with increase in the number of substations 
to be interconnected. With this in mind, suggestions for increasing 
the size of problem solvable on a given computer are made. 

Three designs have been completed using the method proposed. 
These and the results of network-analyser studies on two of them are 
summarized. 

The equations for two other possible network-design criteria, 
minimum circuit length and minimum apparent-power by distance 
product, are also given and briefly commented upon. 


LIST OF PRINCIPAL SYMBOLS 


Substations at which power is supplied to the 
network under consideration, referred to as 
supply substations. 

S, = General supply substation. 

S, ... 5, = Substations at which power is taken from the net- 
work under consideration, referred to as load 
substations. 

S; = General load substation. 

;, 5; = Any of a group of substations irrespective of 
whether power is supplied to or taken from the 
network under consideration. 

D;; = Permissible circuit path between substations S; 
and S;. 
];; = Distance between substations S; and S,. 
cj; = Cost of one circuit between substations S; and S; 
along path p;;. 
S = Maximum rating of circuits on proposed network. 
S; = Apparent power transfer at substation S,. 
f = Network cost function to be minimized. 
g = Network apparent power by distance function to be 
minimized. 
m = Total number of supply substations. 
n = Total number of load substations. 
s = Number of substations in a group. 
h = Number of circuits required into a group of s 
substations. 
S, = Total apparent load in a group of substations. 
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(1) INTRODUCTION 


Many papers and books have been written over the past sixty 
years on the analysis and prediction of the performance of elec- 
trical power-system networks. D.C. and a.c. network analysers 
have been used to supplement hand computation in steady-state 
network analysis since about 1925, and some analysers have been 
built to investigate transient phenomena. Since 1952, digital 
computers have been increasingly employed to obtain numerical 
solutions to steady-state and transient network equations. 

However, all this work has been concentrated on analysing the 
performance of networks which exist, even if only on paper. 
Very little has been done on the mathematical design of networks. 
To illustrate the point, a network may be proposed which has a 
circuit between two substations A and B. Existing methods 
enable one to predict what the voltage and power-flow conditions 
on this circuit are likely to be and what, for instance, its cross- 
section should be. They do not give any assistance in saying 
whether, in fact, a circuit should be provided between A and 8 
rather than, say, A and C, except by analysing and costing the 
two networks independently. Only a limited number of designs 
are usually studied in any detail, and for complicated networks, 
which from the point of view put forward here means those 
required to connect a number of substations, one can never be 
sure that the end-product of this work is, in fact, the cheapest 
scheme that would provide the service required. 

The paper suggests a method of obtaining mathematically 2 
minimum-cost outline design of a network to supply a number of 
load points from a number of supply points. The method is 
based on the use of the technique of linear programming, 
developed by economists and mathematicians during and since 
the last war. This technique has been used to solve problems 
in a wide range of industries, such as the blending of fuels, the 
mixing of animal feeding stuffs and the transport of coal between 
pits and power stations.!:* The problem involves the con- 
sideration of a number of variables whose relationship with each 
other is defined by a set of linear equations (or constraints), 
the number of variables exceeding the number of equations, and 
subject to the general condition that the variables should be 
non-negative. There may be a large number of solutions satisfy- 
ing the constraints, and the problem is to find which of these 
solutions has some preferred characteristic, say minimum cost. 
Normal algebraic methods cannot be used to solve such ¢ 
problem, and linear programming enables the preferred o1 
optimum solution first to be obtained in a systematic mannet 
and secondly to be identified when it is obtained. The amount 
of arithmetic work is frequently such that computers must be 
used to obtain a solution. 


(2) RELATIONSHIP OF LINEAR PROGRAMMING AND 
NETWORK DESIGN 


(2.1) Requirements of a Power-Supply Network 


A power-supply network is designed so that it will transmi 
given amounts of electrical power subject to the followings 
conditions: 
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(a) The cost of the network to construct and operate should be 
as small as possible. 

(6) The continuity of supply afforded by the network should not 
_be less than the minimum acceptable for loads of the size and type 
_ connected to the network. 

(c) In the case of a generating station, the connections provided 
~ should give adequate capacity out of the station under those circuit 
_ Outage and load conditions assessed as technically and economically 
_ justified during the design study. 

(d) The necessary operational and control facilities required to 
f obtain satisfactory performance from the network should be con- 
|, Sistent with the facilities normally available for a network supplying 
) loads of the size and type concerned. 

(e) Extension of the network should be possible. 

| (f) The technical design of the network should be adequate, i.e. 
| there should be no risk of harm to plant or personnel under normal 
or fault conditions. 


.. Conditions (d) and, toa lesser extent, (e), are expressions of 
‘opinion and not readily amenable to analysis. Given a network 
design on paper it can be studied, if necessary with the aid of 
any analyser or digital computer available, to ensure that it 
complies with condition (/). 

It will be shown that linear programming (I.p.) techniques can 
. be used in the attainment of conditions (a)-(c). 


(2.2) Difficulties in Network Design 


: Even in Britain at the present time, one is sometimes faced 
{with the problem of interconnecting a number of substations 
..by a network which will comply with the conditions given in 
VSection 2.1, there being no existing network. Such cases may 


it (a) The provision of distribution networks (medium and high 
1} voltage) to supply new housing estates. 

j (6) The reinforcement of existing distribution networks by super- 
‘) imposed subtransmission networks. 

Ne (c) The reinforcement of existing subtransmission networks by 
dk superimposed transmission networks. 


) In each case, one is presented with a geographical disposition 
of substations which require connecting together at minimum 
| cost subject to given conditions for security of supply, etc. As 
|, the number of substations increases, the ways in which these 
connections can be made in a technically satisfactory manner 
|) will become large, and the art of system design lies in choosing 
| the scheme which is both technically and economically the best, 
‘or at least makes a reasonable compromise between the two 
') requirements. 

» In order to tackle the network design problem logically rather 
I than intuitively, some means is required of ensuring that all 
\: technically satisfactory schemes are considered, and all but the 
| optimum one (probably from the point of view of cost) rejected. 
i Linear programming enables this to be done, and subject to 
) any limitations written into the design equations: by the design 
) engineer, one can say that the I.p. solution will, in fact, be the 
‘ cheapest design. 
ia. (2.3) Linear Programming 

’ Consider a set of variables x,, x2, ... X, related by v linear 
‘ equations with u > v. An infinite number of sets of solutions 
exist for the x). Linear programming enables that set of non- 


‘negative values of the x; to be selected which will minimize 


' (or maximize) a linear function of the Xj. ; 
' Expressed in equation form, if a variable x; is related by the 


following equations: 
Qy1*1 + Qj9Xo +=: + ay ,Xj +. . + AyyxXy = by 


QjyX1 + Aj2X2 Sans Paine AjXj +... + @yX, = b; m9) 


Ay 1X4 + an2X2 +... +AyjX; AP oo +4 Ay Xu = by 
x; Sm 0 
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a minimum or maximum of F' can be obtained where 
PCA LinctsiCok pastactteas sin Syithas0\8s CNet eal) 


Frequently the constraints [eqn. (1)] are in the form of 
inequalities rather than equations. They may be lower- 
bounded inequalities 


yy Qj jX; Sm b; Span AO cole bhia ° ® (la) 


or upper-bounded inequalities 


Ds AiyjXjiS b; . . . . ° ° (16) 
J 


In either case they can be converted into equations by the 
addition of slack variables, x,, as follows: 


>> QjjXj — Xq = b; Sr eee eas wre, (1c) 
J 

or pas AjjX; aie Xq a= b; Cle ans ike (1d) 
j 


The function to be optimized is also modified to 
F =D) 6X) Dy Oxs9 Ae Ie) 
J q 


As the coefficients of the x, are zero in F, these x, can take 
any value [thereby permitting the ‘greater than’ or ‘less than’ 
signs in eqns. (la) and (15) to be effective] without directly 
affecting the value of F. 

One of the best-known ways of carrying out this optimization 
process—the simplex method—is due to Dantzig? and is 
described with algebraic proof by Vajda.* 

Without going into any detail, in this method the constraint 
equations are written down in matrix form, known as a simplex 
tableau. This tableau or matrix is transformed by simple rules 
into a second tableau which gives a slightly nearer optimum 
solution for F. The process is repeated until a final tableau is 
obtained which gives the optimum solution. The reaching of 
this optimum solution is known from the appearance of the 
tableau. A considerable number of iterations (successive 
tableaux) may be necessary. 


(3) FORMULATION OF NETWORK-DESIGN EQUATIONS 


Three criteria have been used in the formulation of design 
equations for subsequent solution by l.p. methods. These are: 
(a) A criterion which gives a minimum-cost design. 
(6) A criterion which gives a network design with a minimum 
product of apparent power and distance. 
(c) Accriterion which gives a design with minimum circuit length, 
The first of these is considered in some detail in Sections 4-8. 
The others are mentioned briefly in Section 9. 


(4) NETWORK DESIGN BY THE MINIMUM-COST 
CRITERION 


(4.1) Outline of Method 


Before attempting to formulate any design conditions mathe- 
matically, it is necessary to consider what supply conditions the 
proposed network has to satisfy. These will depend primarily 
on the network voltage. Thus, on medium-voltage networks 
it is not always economical to provide a full duplicate supply, 
but particular atterition must be paid to the voltage regulation. 
On the higher-voltage networks a failure of the network will 
involve many consumers, and duplication of supply is more 
important. Network voltage regulation is less important, 
although at the highest transmission voltages, where long trans- 
mission distances are encountered, it and the associated problem 


of supplying reactive power to the network at the correct points 
* 
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must be considered. In general, the method described is con- 
sidered to be particularly applicable to the design of high- 
voltage distribution networks, subtransmission networks and the 
lower-voltage transmission networks. 

At these voltages, the maintenance of supply under any likely 
combination of conditions is probably the most important con- 
sideration. Other factors to be considered may be the avoidance 
of excessive expenditure on switchgear and of too many circuits 
along any one route. These points will be considered in detail 
in the following Sections. 

As a starting-point it is assumed that unless the terrain (natural 
or man-made) prevents it, a path p,;; for one or more circuits 


exists between every pair of substations S; and S;. The aim of 
the subsequent work is to assign a value 0, 1, 2,... to each pj 
indicating that the optimum design requires 0, 1, 2, . . . circuits 


between substations S; and S;. 

In order to do this, inequalities specifying security conditions 
and any other design conditions considered necessary, such as 
limitation of the number of circuits into substations or along 
any given routes, are written down in terms of the possible paths. 
These linear inequalities are then used as constraint inequalities 
subject to which a cost function of the network, again in terms 
of the possible paths, is minimized. Generally the values 
obtained for the p will be non-integer, and it is necessary to 
employ some method which will produce an integer-valued 
solution from the non-integer one. An algorithm devised by 
Gomory? has been used for this purpose. 


(4.2) Security of Supply 


When writing the security of supply inequalities it is necessary 
to bear in mind that, at this stage, one has no knowledge of what 
the final network connections will be. It is therefore necessary 
to specify minimum connections to every possible group of 
substations to ensure that all groups in the final design will have 
adequate circuit capacity connected to them. 

Many supply authorities have standardized transformer sizes 
and overhead-line and cable ratings. On some types of network, 
particularly distribution and subtransmission networks, it is 
possible to say that 2 circuits will supply up to, say, 3 substations, 
4 substations will require 3 circuits, and so on. Alternatively, 
if substation loads differ appreciably, and particularly if the 
design is to incorporate connections to generating stations, it is 
necessary to estimate the circuit capacity required into every 
possible group of substations from the actual load and/or 
generating plant at each substation. 

Assuming for the moment that the substations on the network 
to be designed are approximately equally loaded, the security of 
supply conditions can be specified as 

; © Each load substation must have at least h, circuits connected 

into it. 

(6) Each possible group of 2 load substations must have at least 
hp circuits connected into it. 
(c) Each possible group of 3 load substations must have at least 
h3 circuits connected into it. 
and so on for every possible group of load substations of all 
sizes up to and including all the load substations. 
This set of conditions will lead to the following inequalities: 


2 Pi > Ay for load substation S;;. . . (3) 
ena al ag, 

D Pit, > hz for load substations S;;, Sy; . (4 
ie n<h,bh<r 


r r ig 
LY Pn, + YX Pin + DX Di, > 23 for load substations 
=14),b)/3 i=14h,b)I3 i=14h,l,/5 S715 1p) Dae ee eee) 


nx Ly l, I< r 


“1 
pa Pil, = 
i=14 


hl. i= 


If the proposed network is also to interconnect generatin; 
stations, it is necessary to add a set of equations to specify tha 
each generating station, every group of generating stations an 
every group of generating stations and load substations ha 
sufficient circuit capacity connected to it to ensure that generation 
is not restricted by lack of circuit capacity. 

When the network is to be supplied only from one suppl 
substation, it is not necessary to specify any circuit connection: 
at this substation, as the final security of supply equation (fo 
all the load substations) will dictate what total circuit capacit 
is required into all the load substations and therefore out o 
the supply substation. If more than one supply substation is t¢ 
be connected to the network, it may be necessary to specify a 
least a certain number of circuits out of each of the suppl 
substations. 


(4.3) Limitation of Switchgear 


Various methods have been adopted by supply engineers t« 
reduce capital investment in switchgear, which may well accoun 
for 40-50% of the cost of a substation. These methods usual}; 
take the form of controlling more than one piece of equipmer 
from one circuit-breaker, and, more important from the aspee 
of network design now being considered, almost always limit th: 
number of circuits which can be controlled at one substation 
This limit may be 2, 3 or 4 circuits (excluding local transformers} 
An analysis of the number of circuits controlled at load sub 
stations in one large distribution area has, in fact, shown tha 
about 75% of all load substations have no more than 4 circuis 
connected into them. 

If, therefore, it is desired to limit the maximum number 6! 
circuits controlled at any load substation to, say, k, a set o 
inequalities can be written down as follows: 


r 
> Piz< k for load substation S,; . . . 6 
i=T#l 


This type of inequality could also be used to ensure tha 
excessive fault levels would not occur on the proposed networ! 
when the fault infeed over circuits is known to be very approxi 
mately constant, as is often the case with meshed networl 
development. 

Supply substations must be focal points of a network, an 
hence any preconceived limitation of the number of circuit: 
connected into these is not justified except perhaps for fault 
level control. 


(4.4) Limitation of Inter-Substation Circuits 


To ensure that all circuits shall provide as much opportunit 
as possible for connection into future substations, many suppl 
engineers consider that the number of circuits along any rout 
should be restricted. This stipulation will lead to a set c 
inequalities of the form 


Pip SW ae eo ee 


where w is the number of circuits along any one route which i 
is not wished to exceed. 

If substations S,, S; and S;, are practically in line, inequalitie. 
of the form 


Wess 3 «tn 
(7b 


will again ensure that a given number of circuits along path 
between these substations is not exceeded. 
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(4.5) Network Cost Function 
The network cost function which has to be minimized will be 
‘ r r 
(Nea Seal) Skee 
t=14j jH14i 


This equation implies that the cost of providing circuits 


(8) 


‘ between two points is proportional to the number of circuits. 
\( This is true for single-circuit overhead lines, is practically true 


for underground cables, but will only be very approximately 


\ true for multi-circuit overhead lines. 


The cost, ¢;;, of a circuit between substations S; and S; should 
include the cost of the controlling switchgear plus a proportion of 


Mi the establishment and civil engineering costs for substations S; 
and §S;. It is necessary, therefore, to assume the number of cir- 


cuits to be connected into a substation in the final design in order 


_ to apportion the establishment and part of the civil costs. If this 
, assumption is incorrect, it is unlikely to affect the final design, 
, as the error in the cost proportion will be small in relation to the 
total circuit cost. 


(5) SOLUTION OF THE DESIGN EQUATIONS 


(5.1) Linear Programming by Digital Computer 


Practical I.p. problems are essentially concerned with large 
numbers of variables and equations, since in small applications 
the intuitive approach backed by experience is often adequate. 
Hence the practical application of linear programming frequently 
requires access to a digital computer. 

A number of digital computers have been programmed to 
solve l.p. problems, mostly using Dantzig’s simplex procedure 
or some modification of it.© The limiting feature in the size of 
problem which can be solved is the computer storage, as the I.p. 


solution requires the storage and manipulation of a matrix 


slightly greater than the number of equations in one axis and 
the number of variables in the other axis. 

If a, is the number of equations and upper-bounded inequali- 
ties and b the number of variables, a computer solution can be 
obtained by the reduced simplex method if 


(a, + small integer) (6 + small integer) < computer storage 
(9a) 


with, frequently, individual maximum values specified for a, and 
b. Lower-bounded inequalities must first be converted to 


equations by adding extra variables (Section 2.3) which must be 


included in the total for pb. 

When the constraints are in the form of lower-bounded 
inequalities, the dual simplex method has advantages. Using 
this, the problem solvable will be defined by 


‘ (ay + small integer) (6 + small integer) < computer storage 
(95) 


where a, is the number of lower-bounded inequalities and 5 the 


_ number of variables. 


A survey of computer designs published recently’ showed that 
the largest British computers now available have internal storage 
capacities of up to 60000 words. Storage capacity can be 
increased many times by the addition of external facilities such as 
magnetic tape, but there seems to be little information available 
on what computation times will be required to solve l.p. problems 
using such storage facilities. 


(5.2) Network-Design Matrix Size 
With m supply and n load substations to be connected to the 


network, there will be “+"C, possible paths between the sub- 
stations, or the number of paths will be 


A(m+n(m+n—-1) .. (10) 


If all the design conditions proposed are to be included, there 
will be n upper-bounded inequalities specifying maximum num- 
bers of circuits at each load substation, and ™+"C, upper- 
bounded inequalities specifying maximum numbers of circuits 
along any path. There will be "C, lower-bounded inequalities 
specifying security conditions to each load substation, "C, 
inequalities specifying security conditions to all possible groups 
of two load substations, and so on. Hence the total number of 
lower-bounded inequalities required to specify security con- 
ditions is 

Ky pO GEO SE, ac apd Gees SKC, SS eral . (11) 

The total number of constraint inequalities will therefore be 

Gt EEC ip ect(2" 2 lp 


in terms of ”+”"C, variables. 

A network design to supply 8 load substations from 2 supply 
substations would require the setting down of 308 inequalities in 
terms of 45 possible paths. 

Experience in the application of this method of network design 
so far has indicated that the majority of load substations in the 
final design do, in fact, have the minimum number of circuits 
connected and that the circuits per path will rarely exceed two. 
It is considered from this that inequalities limiting circuits into 
substations and along paths are, in practice, unnecessary. It 
can be argued that the fewer the conditions imposed on the 
design initially the better. 

Even so, by far the greatest number of constraint inequalities 
result from the specification of minimum numbers of circuits 
into substation groups. Whilst many of these constraints are 
over-satisfied in practice, and could therefore be omitted without 
detriment to the design, preliminary elimination of constraints 
exposes one to the risk that the security of supply conditions 
will not be fully satisfied, unless the problem itself is such that a 
group cannot exist in the final solution. This will be the case if 
paths between some substations are considered to be impossible 
or undesirable for circuit construction. In general, if there are 
n; load substations with no direct connections to nz other load 
substations, there is no need to consider security conditions to 
any group composed of one or more substations from the ny, 
group and one or more substations from the 7 group. 

Summarizing: if every possible circuit path is permitted, the 
design can usually be adequately specified by (2” — 1) lower 
bounded inequalities in terms of ”*+"C, variables. Some reduc- 
tion in these numbers can be obtained by eliminating from the 
start those paths along which circuit construction is either 
impossible or undesirable. 


(5.3) Size of Network Design Solvable 


A network to interconnect 9 load substations with 2 supply 
substations would be fully specified by (2? — 1) = 511 inequali- 
ties in terms of 55 paths. The product of the I.p. matrix row 
and column would be approximately 29000 using the dual 
simplex method, and hence this design is within the capacity of 
existing computers, without external storage. 

External storage systems of 48 x 10° words are understood to 
be available at present.’ This would permit the solution of a 
17-load-substation design with no practical limit on the number 
of supply substations. The computer time would probably be 
excessive, however, and it is considered that short cuts to a 
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solution must be investigated. Some possibilities are suggested 
in Section 8. 

At present two 7-substation designs and a 9-substation design 
have been solved (Section 7). 


(6) SPECIFICATION OF CIRCUIT CAPACITY INTO 
SUBSTATION GROUPS 


(6.1) Distribution and Subtransmission Networks 


Difficulty may arise in assessing what circuit capacity should 
be provided to the larger groups of substations. This is due 
to possible poor load sharing between a number of circuits. It 
may also be necessary to assume an outage of more than one 
circuit. 

Probably only experience of load flows on networks similar to 
the one to be designed and a knowledge of fault statistics can 
enable a good assessment of the required circuit capacity to be 
made. One simple check is that the ratio s/(z — 1) should tend 
to fall for the group size immediately prior to each increase in 
number of circuits. 

Alternatively there is no reason why actual substation loads 
should not be considered, particularly if they vary widely, pro- 
vided that the group load totals are turned into equivalent 
numbers of circuits for writing into the constraints, as follows: 


h=N,+M, (12) 


where JN, is the first integer greater than or equal to S,;/S and 
M, is a small integer (for firm supply). 


(6.2) Transmission Networks 


On transmission networks, the circuit capacity into a group of 
substations is often assessed as the sum of two components, the 
planned transfer and the interconnection capacity. The planned 
transfer is given by the difference between the group load and 
the group firm generation. An empirical curve has been 
published® from which an estimate of the interconnection capacity 
required to a group can be obtained. 

The individual circuit capacities being known and the fault 
risk to be guarded against having been decided, the number of 
circuits required can be assessed as 


h=N,+M, (13) 


where N, is the first integer greater than or equal to (planned 
transfer + interconnection capacity)/S and M, is a small integer 
(for firm supply). 


(7) EXAMPLES OF DESIGN BY THE MINIMUM-COST 
CRITERION 
Three designs have been completed so far. The first two are 
described in some detail below, design and solution time figures 
only being given for the third. 


(7.1) Example 1 


It was assumed that a design was required to connect six 
132/33 kV substations S,-S, located at suitable points within a 
city to one 275/132kV substation A established near the city’s 
boundary [Fig. 1(a)], where a firm source of power was available. 
The average load at each 132/33kV substation was taken as 
60 MVA, except at substation S,, where the load was assumed 
to be 120MVA._ It was assumed that cable circuits of 120 MVA 
capacity would be used on the proposed network. 

The geographical disposition of the substations and estimated 
cost of one circuit along each path (of which there are 7C, = 21} 
are shown in Fig. I(a). 

The relationship between number of substations in a group 
and circuits required into the group was taken as: 


Number of 
substations in 
group, s 


Circuits required 
into group, h 


1 2 
2 2 
3 3 
4 4 
>) 4 
6 5 
W 6 


It was not appreciated at the time the design equations wers 
solved that limitation of the number of circuits into substations 
was unnecessary, and it was therefore also stipulated that none 
of the load substations should have more than four circuits 
connected into it, except substations S, into which it was said, 
with future requirements in mind, that eight circuits might be 
connected. 

These stipulations led to 69 constraint inequalities. 

The reduced simplex method was used and a non-integer 
solution [Fig. 1(6)] was obtained in 134 iterations. The integer 
solution [Fig. 1(c)], using the Gomory method,> required 2 
further 34 iterations. The total computer time was about 
4 hours. 


The design was set up on an a.c. network analyser and circuit 


Table 1 
EXAMPLE 1: Circuit LOADINGS UNDER VARIOUS OPERATING CONDITIONS 


Network 
condition, 


% of rated current 


Circuit current 


Circuits out of 
commission 


Circuit 


A-Ss(1) 


A-S;(2) Si-S2 


* Most heavily loaded circuits. 
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eo 
(Cc) 
Fig. 2.—Design of 33 kV overhead-line network. 
ih 1 circuit. 
it 2 (b) (c) -—--- 4 circuit. 
fs Fig. 1.—Design of 132kV cable network. %, Supply substation. 
\ 
i — 1 circuit. «ve Supply substation. p Load substation. 
| ate 
I ———= fcircuit. Je Load substation. 
i (a) Geographical disposition of substations and estimated 
I (a) Geographical disposition of substations and estimated cost of one circuit per path. 
(| a cost of one circuit per path. 
i j 
| Cost per Cost per 
Cost per Cost per circuit circuit 
circuit circuit 
£ 
x 103 
312 
352 
193 
299 
le 315 
ly 391 
\|t 220 
204 
gig 
1 370 
(6) Non-integer soiution. 
i | 
i 
. : No. of No. of 
| (b) Non-integer solution. circuits circuits 
No. of Pos 
Path circuits Pas 
P12 
Piz P13 
P23 P23 
I P26 
P46 All other pj = 0 
P56 
All other pij = 0 Cost =f = £291 250 
Cost = f = £2437500 (c) Integer solution. 
(c) Integer solution. 
No. of No. 
> No. of Path No. of circuits Path circuits 
circuits circuits 


Dos 
Pi2 
P23 
P45 


j P12 
g P23 
P34 
P46 
P56 


All other py = 0 


All other py = 0 


Cost = f = £2727000 Cost = f=£295 000 
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loadings were determined under normal and outage conditions. 
The results are summarized in Table 1. Owing to the low 
132kV circuit impedances, the voltage was substantially con- 
stant throughout the network. 


(7.2) Example 2 


It was assumed that a design was required to supply five 
33/11kV substations S,-S,; from two 132/33kV supply points 
A and B [Fig. 2(a)], the area of supply being about 200 square 
miles. The load at substations S,, S; and S, was taken as 
approximately 6 MVA and that at substations A, B, S; and Ss, 
12MVA. Overhead circuits rated at 20 MVA were to be used. 
It was assumed that two 45 MVA 132/33kV transformers would 
be connected at B and one 45 MVA 132/33kV transformer at A. 

It was further assumed that a single-circuit line already 
existed between substations A and B, and that hilly country 
between substations S,, S,, S; and substations S4, S; would 
make circuits between these two groups uneconomic. 

The geographical disposition of the substations and the 
estimated cost of one circuit along each path (of which there are 
7C, — 6 = 15) are given in Fig. 2(a). 

The relationship between the number of substations in a 
group and circuits into the group was taken as: 


Number of 
substations in 
group, s 


Circuits required 
into group, A 


OWMAIHAMABRWNS 
ANnNRRWWNNNY 


With the additional stipulation that no load substation should 
have more than four circuits connected into it, the problem 
required 48 constraint inequalities. Substations with a load of 
12 MVA were treated as two 6 MVA substations. 

This example illustrates points additional to those of the first 
example. The existence of a circuit between A and B was taken 
into account by including the inequality, p,, > 1. As no 
circuits were assumed to be economically justified between 
substations S,, S,, S; and substations S,, S;, there was no need 


to include constraint inequalities to groups of the types 1,4 or 
1,2,4,5, etc. Since A, although a supply substation, was 
assumed to have only one infeeding transformer, it was neces- 
sary to include inequalities specifying minimum numbers of 
circuits to groups containing substation A. The minimum 
numbers of circuits to such groups would be one less than the 
Table above indicates, however, since the 132/33 kV transformer 
provides one circuit. ‘ 

The non-integer solution [Fig. 2()]was first obtained using the 
reduced simplex method. This required 69 iterations with a com- 
puter time of just over one hour. The problem was later solved 
using the dual simplex method, when the non-integer solution 
was obtained after 15 iterations in a little under ten minutes. 

The integer solution [Fig. 2(c)] required two further iterations 
from the non-integer solution. 

This design, with one 132kV overhead line circuit between the 
132kV busbars at substations A and B, was set up on an a.c. net- 
work analyser, and circuit loadings and busbar voltages were 
determined under normal and outage conditions. The lowest 
voltage recorded was 91°% at substation S4, with the 132/33 kV 
transformer at substation A out of commission. This was well 
within the tapping range of the 33/11kV transformer. The 
circuit loadings are summarized in Table 2. 


(7.3) Example 3 


A network was required to connect eight substations with 
widely varying loads and some with a net surplus of generation 
to a ninth substation. The circuit capacity already connected to 
this substation was such that it could make up any deficit required 
to the other eight substations and hence it was treated as a 
supply substation when writing the constraint inequalities. Of 
the 36 possible paths between substations, only 23 were assumed 
to be suitable for the provision of circuits. In order to be sure 
that adequate capacity would be provided for generation con- 
nected to the network, minimum circuit capacities had to be 
specified to all possible groups of substations, even those with a 
net surplus of generation. The circuit capacities were estimated 
from eqn. (13). 

With the stipulation that one circuit already existed between 
two of the substations, the problem required 199 lower-bounded 
inequalities in terms of 23 paths. 

Two designs were obtained, with different security conditions, 
in each case the dual simplex method being used. One design 
was completed in 58 iterations and the other in 79 iterations, 
with computer times of about 14 hours and 24 hours, respectively. 


Table 2 
EXAMPLE 2: Crrcurr LOADINGS UNDER VARIOUS OPERATING CONDITIONS 


Circuit current 
% of rated current 


Network condition 


Circuit 


A-S4 


Normal (a) .. ae 
Normal (6) .. ae 

Ta out of commission (a) 
Tpi out of commission (a) .. 
A-S; out of commission (a). . 
B-S2 out of commission (a). . 
B-Ss out of commission (a). . 


(a) No through power transfer between 132kV busbars at substations A and B 
(6) Through power transfer of 27 MW, 13MVAr from 132kV busbar at B to 132kV busbar at A. 
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\ (8) FURTHER DEVELOPMENT OF THE MINIMUM-COST 


DESIGN METHOD 
It will have been obvious from the foregoing that the major 


difficulty in applying this method is due to the large number of 
‘constraint inequalities needed to specify a design. Even with 
the computer storage problem resolved, the writing of the con- 


‘straints would quickly become extremely tedious, if not impos- 


‘sible, and their solution time impractical. 


Some ways in which these difficulties might be minimized are 


| suggested below. 


about 80% of these were over-satisfied and could therefore have 
been omitted with no detriment to the designs. It is suggested 
then that 30-40% of the design inequalities should be selected 
and a design obtained from these. The ones chosen would 
include all the single-substation constraints, constraints for two 
adjacent substations, and generally constraints for the more 
closely sited substations. An intuitive design might also be used 
as a basis for sampling constraints. The non-integer solution 
obtained from the sample of constraints would be substituted in 
all the constraints. 


Any that were not satisfied would be taken 
into the sample, at the same time those well over-satisfied being 
dropped out. A new non-integer solution would be obtained 
and the process repeated until a design satisfying all the con- 
straints resulted. 

This method would ‘fail to safety’ as far as cost was concerned, 
since, in any linear programme, a reduction of constraints tends 
to decrease the minimum cost obtained. 


| (8.1) Use of Special Computer Programmes 
(8.1.1) In the Preparation of the Design Equations. 


Once the number of circuits required to be connected into 
‘groups of substations of various sizes or load totals has been 
decided, the writing of the constraint inequalities is a purely 
mechanical process. It has already been shown that the solution 
| of a problem of any size requires the use of a computer, and 
there seems no reason why the writing of the constraints should 
'| not itself be done by the computer. The saving in time and 
| reduction of possible errors in coding the large matrices for 
‘| computer solution would also be significant. 

_ If this were done, the presentation of a network-design 
| problem to a computer would consist of a list of the substations 
) (with perhaps load and generation data for each), estimated cost 

| of one circuit along each possible path and a tabulation of 
numbers of circuits required into substations groups of the 
| various sizes or load totals possible. 


| (8.1.2) In the Solution of the Design Equations. 


It may have been noticed that, even in the non-integer solutions, 
| only integer or integer plus half-circuits appears. In fact, the 
| matrix elements in all the iterations have been observed to be 


(8.3) Reduction of Solution Time 


A fairly near optimum, if not optimum, network design can 
be obtained by inspection. Looked at from the I.p. aspect, if 
this solution could be used as a first feasible solution it should 
very materially reduce the number of iterations required to obtain 
the minimum-cost design. 

One method of doing this is described by Churchman, Ackoff 
and Arnoff.!° As the method appears to involve the solution 
of a number of sets of simultaneous equations, further work 
would be necessary to determine its feasibility when applied to a 


| large example. 
i 


(9) NETWORK DESIGN BY OTHER CRITERIA 


——SSEEE— 


| either small integers or fractions with small dividers. It is 
possible that a computer programme could be devised to take 


advantage of this empirical observation, thereby increasing the 
effective storage by some small multiple. 
Contrary to what might be expected, the proportion of zeros 


| in the initial matrix does not appear to increase as the number of 


substations increases. This proportion is given by 
n 
Senn) 
[=1 


Roma aay roe oe 


and over the range m= 1, n = 4-14, is approximately 50%" 
It is doubtful, therefore, whether any attempt to pack non-zero 


Two other design criteria have been investigated. A network 
with a minimum total apparent-power by distance product is 
given by one, and a network with a minimum total circuit length 
by the other. 


(9.1) Design by the Minimum Apparent-Power by Distance 
Product 


Assume there are a number of supply substations S;, S5,...S,> 
at which apparent powers S;, S>, ...S,, are available and a 
number of load substations S,, S;,, . . . S,, at which loads S,, 
S;, ...S, have to be supplied. If S;; is the assumed apparent- 
power transfer between substations S; and S,, the application of 
Kirchhoff’s first law at each substation gives the following sets 
of equations: 


! i Id b th while. r 
| elements in the computer store would be worth w ) sedge Bigs Ng, ER. in 
(8.2) Reduction in the Design-Matrix Size esi 

It has already been shown that elimination of paths along SSS nie) (16) 
| which circuits are impossible or undesirable will effect some eT 


possible. 


saving in the number of constraints. ld | 
_ extended by not including those paths along which circuits 


This approach could be 


appeared by intuition to be most unlikely. It is doubted 


| in possible paths gave a reduction of only 22% in constraint 


inequalities. 

A more promising approach is thought to be the use of 
Kron’s ‘tearing’ technique.? A statement is made that adoption 
of this not only enables larger systems to be optimized but also 
reduces numerical computation. Laver a 

Alternatively, sampling of the constraint inequalities might be 
When the solutions obtained in the examples were 
substituted in the initial design inequalities, it was found that 


The apparent-power by distance product for the network 
will be 


whether significant reductions in the matrix size could be 99 r r ro a5 
_ obtained by this means. In Example 3, a reduction of 36% & ss Sibi (17) 


which can be minimized subject to eqns. (15) and (16) as 
constraints. 

The product S;,/;; is a measure of the weight of conductor 
required between S, and S,, and if circuit costs were proportional 
to conductor weight, this criterion would give a minimum cost 
design. As this is not so, it cannot be relied upon and only 
gives a minimum cost connection for certain geographical con- 
figurations of substations. 
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(9.2) Design by a Minimum-Circuit-Length Criterion 


It may be necessary on some occasions to design a network 
to interconnect a number of points so that each point has at 
least one connection and the total circuit length is as small as 
possible. 

This is practically the design condition for an h.v. rural net- 
work or an m.yv. cable network. 

To interconnect r points (r — 1) circuits are required, and 
hence to specify at least one circuit into each point the following 
inequalities can be written down: 


uu Py> 1 (18) 
i=14j 
r r 
> »2, eee orl 1 (19) 
t=17) J-14! 
Py<l. (20) 


The length of interconnecting circuits to be minimized will be 


f= . yi lijPy - 


i=1AjJ j=14i 


(21) 


The same solution can be obtained with considerably less 
effort by choosing circuits in ascending order of length, omitting 
any circuit which completes a loop, until all the points are 
connected. 


(10) CONCLUSIONS 


Designs produced by the method outlined in Sections 4-8 can 
only use circuits along those paths permitted when writing the 
design equations, and only incorporate the system design 
engineer’s initial estimate of the numbers of circuits required 
into substation groups. Even with all inter-substation paths 
permitted, one may still be influencing the design, as the T-feeder 
arrangement so common in transformer-feeder network design 
has not been provided for. Again, so far only single-voltage 
network design has been attempted, and this has meant that the 
network supply points have had to be nominated at the beginning 
of the design. It is considered that the method could be extended. 
to 2-voltage-level design and to permit the possibility of T-feeders. 

Poor load sharing between circuits may invalidate otherwise 
reasonable estimates of required circuit capacity, particularly into 
the larger groups of substations. As it happened, the group- 
circuit estimates used in the examples were proved to have been 
satisfactory by the network analyser studies. However, the L.p. 
design method cannot in itself make allowance for poor circuit 
utilization, and it is therefore necessary to carry out load-flow 
studies on any l.p. design. It will also be necessary to check 
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fault levels unless it is known that the supply-point arrangements 
are such that the rupturing capacity of the switchgear proposed. 
cannot be exceeded, e.g. the use of three 132/33kV 45MVA 
transformers to supply a 33 kV network equipped with 750 MVA 
switchgear, as in Example 2 (Section 7.2). 

Hence it is not suggested that adoption of this technique would 
make unnecessary the present tools of the system design engineer 
—the network analyser and the digital computer as an instrument 
for network analysis. Nor would it necessarily lead to economies 
on any single reinforcement. However, about £100 million is 
invested yearly in extensions to the transmission and distribution 
networks in Britain alone, and any means of achieving even a 
marginal saving on this would repay further investigation. 
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DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE SUPPLY SECTION 10TH FEBRUARY, 1960 


Mr. T. R. Warren: The papers show how the digital computer 
can be used to help to solve our system design problems in both 
transmission and distribution fields. 

The paper by Mr. Knight shows how its aid can be enlisted 
to solve a wide range of problems of the type more commonly 
encountered in transmission and h.y. distribution. To this 
extent the author has performed a useful service, but the examples 
he gives rather emphasize that gaps still exist in our knowledge 
of some of the fundamental principles which underlie much of 
this work, and there is a danger that traditions in system design 
might become established before they have undergone a suffi- 
ciently searching investigation. 


For example, in Fig. 1 the author does not appear to have 
examined the possibility of using duplicate transformer feeders 
supplying pairs of substations, thus eliminating 132kV switch- 
gear everywhere except at the supply point. Then, again, did 
the author consider whether it would be feasible to distribute 
more load at 33kV from substations supplied at 275kV? 
Examination of a similar problem in Glasgow showed that this 
was, in fact, the cheapest solution in that particular case. 

One of the prices we have to pay for the introduction of each 
new transmission voltage is the need to introduce an additional 
voltage transformation between the alternator terminals and 
consumers’ terminals. By about 1970 the bulk of the energy 
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generated in Great Britain will undergo five such transformations, 


and it is necessary to consider carefully the conditions under 
\which it is legitimate to leapfrog from one voltage to the next 
\.but one. When the answers to these questions have been given 
i we shall be in a better position to follow the lead given by the 
jlauthor with greater assurance that we are, in fact, achieving the 


logical design of electrical networks which he promises in the 
\!title of his paper. 


In the paper by Dr. Grimsdale and Mr. Sinclare the authors 


take as the starting-point the principles governing the design of 
distribution systems for supplying housing estates which were 
‘first put forward in the report referred to in Reference 2. Since 
| I was concerned with the preparation of this report, in which I 
| had the assistance of a small committee of expert system design 
/ engineers, and since I provided the theoretical background on 


which it was largely based, I was naturally most interested in 
the methods devised by the authors for pinpointing substation 
positions and for the selection of the optimum routes and sizes 


| for the distributors. 


When the report was first produced, a few engineers expressed 


| doubts concerning our advocacy of what we termed the tapering 
|) of cables and the employment, where necessary, in any one 
| scheme of all the standard cable sizes available. 

| a ‘tailor-made’ scheme would not lend itself so readily to rein- 
| forcement to meet increased loads as would a completely inter- 
’ connected system built up with cables of large size. 


It was felt that 


At the Vesting Date, however, many schemes were costing 
£90 per house compared with the corresponding figure to-day 


| of approximately £50 per house for an a.d.m.d. of 3kW per 
(, consumer, and the authors have now shown how computer tech- 
_ Miques can be employed to effect further savings in cost. 
| the large number of floor-warmed housing estates now being 


With 


built it is necessary to allow for a demand of 6 or 8kW per 


| consumer, and in one case the estimated demand was 15kW 


per consumer. 

Mr. J. G. Miles: It will generally be agreed that both papers 
are of considerable significance to the system engineer, since they 
consider, almost for the first time, the application of large digital 


' machines to the actual design of networks, as distinct from 


specific items of analysis. In the paper by Mr. Knight the 


linear programming process used is a true synthetic method, 
' whereas the automatic methods normally used for apparatus 


design rely principally on adding automatic self-correcting 


. features to fairly standard design procedures. 


The author’s linear programming process is obviously 
restricted in that the restraints which form its basis must be 


| linear, so that its immediate usefulness is limited to medium- 


voltage fairly highly interconnected networks, where voltage 
control and stability limitations are not normally a limiting 
feature, and in the process it is inherently assumed that all 
circuits are capable of supplying their rated apparent power. 
It is tempting to speculate, however, on how such a procedure 
could be incorporated into an overall automatic design pro- 
gramme for high-voltage networks. 

The programme would probably be of the following form: 


Starting with assumed generation and load data, path lengths 


between all stations and cost per circuit along those path lengths, 
a tentative voltage and conductor size would be chosen, and the 
circuit thermal ratings and required number of circuits to the 
various substation groups calculated. A linear programming 


process would then lead to an initial estimate of the optimum 


number of circuits per path. It might be necessary at this stage 
to check approximately for steady-state stability, at any rate on 
the longer paths. A load-flow calculation would then check 
for overloaded circuits or substation voltages outside specified 


limits. The presence of these would cause modification of the 
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initial connection scheme and/or automatic determination of the 
necessary voltage-correction equipment. Characteristics would 
then be assumed for generators and switchgear and the overall 
stability would be checked on that basis. If the network were 
limited in stability it would be necessary either to modify the 
generator or switchgear characteristics or to remodify the initial 
connection scheme. Finally, on realizing a technically satis- 
factory scheme, the programme could calculate fault levels and 
losses and work out an overall capital cost. This could be 
repeated for different assumed voltages, and it might be neces- 
sary to carry out subsidiary economic comparisons, say between 
the modification of generator characteristics and the number of 
circuits per path. 

It is possible that the number of modifications which it would 
be necessary to make to the initial scheme because of additional 
restrictions might make it difficult to justify spending large 
amounts of computer time and money on the initial work. This 
could only be assessed by trial, but, in any case, the methods 
described will undoubtedly make us consider more carefully the 
possibilities of an overall automatic design. 

Mr. J. L. Egginton: The electronic computer is a powerful tool, 
being fast, accurate and tireless, but it has no intelligence and 
extreme care is necessary in accepting the results. The authors 
feel that human intuition should be eliminated, but this can lead 
to difficulties. The computer is a new tool which enthusiasts 
tend to use for jobs which could be done more simply, quickly, 
and as accurately, without it. This leaves many problems for 
which the computer is ideal. 

In the paper by Dr. Grimsdale and Mr. Sinclare there are 
cases where the computer has erred; where it has been used 
unnecessarily; and where it is, in fact, the best tool for the 
purpose. 

The machine erred by accepting a formula without considering 
its implications. It has calculated correctly that five substations 
are required, but any intelligent engineer would then consider 
the total transformer capacity. Table A shows that there is no 


Table A 


No. of substations, NV 

Apparent power per substation, kVA 

Standard transformer apparent power, 
kVA 


Incremental cost per transformer, £.. 
Constant cost per substation, £ ; 
Total cost per substation, £ .. 
Total cost of N substations, £ 


significant difference in cost between five and six substations, 
although with six we should save about 20% on distribution 
mains. The computer has worked correctly to the formula, but 
no engineer would overlook the possibility of six substations 
being cheaper. , 

Fig. A shows the boundary of the estate and substation posi- 
tions obtained by fitting to the plan five paper discs each equal 
to the area supplied by one substation. This took seven minutes. 
Four of the discs are close to the authors’ positions. The fifth 
is in the playing field (an unsuitable position) and it would be 
moved to the school, where there is a load of 1I50kW. Having 
fixed the substation sites, the engineer then tries a large number 
of possible routes and conductor sizes. This is an excellent job 
for the computer and engineers who have the task will be 
delighted that it can be done for them, thus saving much 
laborious calculation. 


Fig. A 


=m-:== Estate boundary. 


Substation positions 
(0 Actual. 
Calculated (optimum feasible site). 
—) Coincident. 
© Centres of circles of 565 ft radius. 


Mr. J. H. Wensley: I should like to know something about 
the cases in which the methods broke down. The problems 
dealt with are fairly rational, but what happens in the irrational 
cases? Let us take a housing estate on the lines of the pre-war 
long ribbon development. If we start fitting squares to this 
and we have previously decided that we want three transformers 
we can fit them in quite easily. Large squares will not be 
suitable because they are too ‘fat’ for this ribbon development, 
but we can probably have about 100 smaller squares in a long 
string, and then we shall have no idea where to put the trans- 
formers. That is admittedly an extreme case, but we might have 
an estate consisting of a large bulk with a limb or two limbs 
attached to it. I do not think that the computer technique 
outlined in the paper by Dr. Grimsdale and Mr. Sinclare will 
cope with that problem, although iteration from the boundaries 
might deal with it. 

The paper by Mr. Knight fills this gap to a certain extent in 
dealing with the maximum size possible using existing computers. 
It would appear to be the sort of limitation to be placed on this 
method. I am interested in seeing whether the techniques pro- 
duce subsidiary information which can be used at a later stage, 
and particularly on the stability investigation for the network. 
I think that a step-by-step technique using Kron’s method will 
make it possible to arrive at the required solution and, en route, 
obtain a great deal of information which will be needed to 
investigate the dynamic stability and also the protection of the 
circuits in case of failure. 

Mr. H. J. Sheppard: I propose to limit my remarks to the 
paper by Dr. Grimsdale and Mr. Sinclare. The Chief Engineer 
of the Yorkshire Electricity Board in suggesting the investigation 
which forms the subject of the paper had no strong expectation 
that it would lead to the adoption of a method on the lines of 
that described. It seemed worth while, however, as a check on 
existing methods for designing housing-estate distribution 
systems, having regard to the large capital expenditure involved. 

It is desirable to make some appraisal of the results achieved, 
and I would draw attention to the cost comparisons in Table 1. 
Referring to cols. 3 and 4, the adoption of calculated instead of 
actual substation sites would in some instances (e.g. substations 
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Nos. 1 and 5 in estate No. 2) be likely to necessitate buildings 
instead of outdoor equipment, with consequently increased costs 
of perhaps £400 per substation. Thus the savings on cabling 
costs in col. 4 might well be outweighed by increases in other 
items. 

I feel sure that the ‘excess facilities’ shown in Fig. 5 (such as 
the additional m.v. cable outlets from substation No. 3 and the 
heavier interconnection between substations Nos. 1 and 2) 
would in practice be provided, so that the savings in cost would 
be as shown in col. 5 rather than col. 3 or 4 of Table 1. The 
manual design for estate No. 2 received special attention and is 
undoubtedly better than average. The mean saving on the other 
three schemes is about 4% of the cost of m.v. cable. : 

At the present rate of connection of the larger new housing 
estates in the Yorkshire Board’s area, this would represent a 
saving in capital expenditure of about £10000 each year, and a 
total of perhaps ten times as much for the whole of England 
and Wales. It is doubtful whether that saving is sufficient to 
justify the provision of computer facilities and the necessary 
organization, unless they can be profitably employed for other 
aspects of the Area Boards’ engineering work. 

Mr. T. W. Berrie: I am optimistic about these computer 
techniques, and also realistic. 

In Mr. Knight’s paper the first use, and an immediate one, 
is to supply a template by which to judge electrification schemes. 
There are various ways of doing this: for example, we can look 
back over the last ten years, starting with what was there ten 
years ago, applying the loads which we have to-day and examining 
what we get by this technique compared with what we have 
to-day; or we can divide the scheme into stages and see whether 
or not we have been uniform with the same basic standards of 
security and types of design in each stage; or, again, we cam 
examine various parts of the network to see whether the same 
uniform assumptions have been made in each case. 

With regard to the future this is a problem of synthesis plus 
analysis, and we cannot separate one from the other. I would, 
however, give some prominence to synthesis, because here we 
can kill two birds with one stone. This is because, in order to 
make the method realistic, we must increase the number of 
substations which can be dealt with, even if it means making 
an intuitive guess at the beginning or sampling the equations. 

Having obtained the first design by synthesis, we can analyse 
it, and then, having found out the weak points, return to the 
original equations of constraints and take a different sample, 
bearing in mind the result of the analysis. 

We must also eliminate the linearity in transmission work, 
especially with regard to double-circuit lines. 

Finally, is the technique in Mr. Knight’s paper more suitable 
for transmission or distribution? I began with a strong bias 
towards distribution problems, but, having tried it for trans- 
mission on a limited scale, I am not at all sure of this and only 
the future will tell. 

Mr. D. G. Taylor: I propose to confine my remarks to the 
paper by Mr. Knight. The author states that this is a 
topological problem of finding the cheapest acceptable circuit 
configuration between a given set of substations. There is, in 
fact, a finite number of possible configurations for a given 
number of substations if the number of circuits per path is 
restricted to no more than two; this means that, in principle, 
one could make a very simple programme in which all possible 
configurations were generated and their cost evaluated, punching 
out or displaying the result whenever the cheapest so far had 
been found. In many problems of this kind the method is a 
powerful one, particularly if the problem is non-linear. 

In terms of the simplest problem that the author describes (see 
Fig. 1 of the paper), in which there are six load substations and 


, ne supply substation, there are 21 possible paths, and, since 
ach path can have 0, 1 or 2 circuits, there are 3?! or about 
\, ne million possible configurations. On medium-size com- 
uters, with about 10000 words of storage available, it will 
_ ike several (probably less than 10) hours to run through the 
, ne million possibilities involved. However, if a method can 
e found for generating, not all possible configurations, but only 
/10se which satisfy the requirements of the problem this time 
Y right be reduced appreciably. Something of this kind has been 
one in the context of switching problems, where it is possible 
4 a routine manner to generate all possible circuit configurations 
letween given nodes which provide a path between two particular 
odes in a circuit. Certainly a method of this kind would make 
ery slight demands on computer storage. 
Mr. J. I. Bird: Both papers are concerned with the mathe- 
aatical design of electrical power systems, but the problems are 
‘ntirely different. The design of the housing-estate distribution 
lystem is based on a reasonably firm knowledge of the geo- 
q aphical area to be supplied and the ultimate maximum demand. 
“’t can, in fact, be treated as an entity separate from the remainder 
q f the supply network. This is certainly not so in the problem 
‘ iscussed in the paper by Mr. Knight. He demonstrates a 
‘nethod of obtaining mathematically the minimum-cost design 
‘of a section of an interconnected transmission network, and, in 
‘ny view, this cannot readily be determined except in the context 
‘of the development of the system as a whole. In system 
‘)lanning, account must be taken of possible future developments 
{it a higher voltage and existing assets at all voltages, as these 
‘sually have a very considerable bearing on the choice of the 
‘immediate scheme. The cheapest development of a small 
ection of the network considered in isolation may not fit in 
'/vith the optimum development of the system, and it is therefore 
jnecessary always to have regard to this fact in the development 
of the sub-transmission element. 
! It is appropriate to mention a further application of linear 
/orogramming in respect of power-system planning with which 
‘(am concerned at the moment. This concerns the integration 
‘of new power stations into the system. Apart from detailed 
Site considerations, it is possible to express all the relevant data, 
Le. cost of generation and energy transport, in the form of linear 
[-quations which could be solved by methods similar to those 
| 


ln 


described in the paper by Mr. Knight. The Deuce computer 
available would allow only a relatively small problem to be 
solved by this method. However, it has been found possible 
to express the data in the special form of a transportation 
problem which enables a much larger problem to be solved, 
and it is practicable to consider the C.E.G.B. system as a whole. 
‘ J agree with the authors that linear programming enables a 
logical rather than an intuitive solution to be obtained, and as 
jarger and faster computers become available, it should be 
possible to perfect and extend the technique. 
| Mr. C. T. Stubbs: I propose to confine my remarks to the 
‘paper by Dr. Grimsdale and Mr. Sinclare and, in particular, to 
lone aspect of it, namely that dealing with consumer diversity. 
It is a fundamental of the design of the tapered radial system 
of distribution that factors for the unbalance prevailing in the 
Ly. distributors and also for the consumer diversity must be 
established in advance. In this connection the authors mention 
that they have taken those assumed in Reference 2 of the paper. 
In using the formula for diversity to which they refer, they are 
adopting one which J think has been used by all sponsors of the 
tapered radial system over the last ten years or so. The formula, 
which determines the total load on a l.v. distributor as (3” + 8) 
kilowatts where n is the number of consumers supplied from 
the distributor, was first referred to in a B.E.A. Utilisation 


Report. 


| 
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The basis of the formula was a test which had been undertaken 
on a small estate of 87 prefabricated dwellings in south-west 
London, where the facilities provided consisted of a cooker, a 
solid-fuel fire in the main living room, which also served the hot- 
water system, one 2kW fire in the principal bedroom and a 2kW 
immersion heater to supplement the hot-water supply. The test 
was conducted over a period of i0 or 11 days at a time when 
the midday temperature never dropped below 40° F. 

It is curious, therefore, that despite a steadily developing use 
of electricity for space heating, networks are still being planned 
on a load pattern evolved 13 years ago on an estate where the 
electrical equipment was so very inadequate judged by modern 
standards. 

The authors suggest that it is economically unjustified to install 
a completely interconnected system, but in the circumstances can 
it be said to be sound engineering practice not to do so? 

Dr. P. D. Aylett: In the past I have been concerned with the 
design of high-voltage transmission networks, and I always con- 
sidered that the designs accepted appeared to rely rather too 
much on the preferences, or perhaps the prejudices, of individual 
engineers. 

The department in which I worked produced high-voltage 
transmission schemes of various kinds, costing about £30 million 
per year. In each case only one or two alternatives were con- 
sidered, and even the saving of a few per cent on these large 
sums is obviously worth while. I think that the objective assis- 
tance which might be offered by these new mathematical methods 
used by the authors is greatly to be desired. 

Are we witnessing in these papers isolated eccentricities, or is 
this the first swallow which heralds the summer? There is no 
doubt in my mind that the use of large computers, not only in 
electrical engineering but in all fields, is, over the next 10-15 years, 
going to transform engineering design. We must certainly see 
that students now in training are able to become familiar with 
the use of digital computers, because the designers of the future 
will use these powerful tools. 

These papers are pioneering efforts, and we should not be too 
critical of them in detail. 

Looking at the general system design problem, which is 
covered in Mr. Knight’s paper, the most important factor 
missing is time. He has dealt with the spatial aspect, but, in 
fact, the design of electrical networks is an investment problem. 
How much shall be spent this year or on this occasion? To 
what extent should excess facilities be provided for future load 
growth? These kinds of problems are covered by the mathe- 
matical technique of dynamic programming. If we consider the 
first network in the paper, it seems quite possible, taking into 
account the whole life of the network, the loads arising in the 
future and the possibilities of future development, that some 
excess facilities should have been installed, and perhaps the 
first network configuration given in terms of 14 feeders in various 
places should have had two feeders when we take into account 
the need to minimize the investment per year over a period of 
10-20 years. 

Mr. H. B. Dreyfus: The paper by Dr. Grimsdale and Mr. 
Sinclare deals with a very definite scheme for a new and compact 
housing estate where the loads are known or can be predicted 
and allowance can be made for the future. The paper by Mr. 
Knight, on the other hand, is concerned with an indefinite 
scheme, and, as Dr. Aylett states, the time element has been left 
out. It was a growing scheme and did not start with a number 
of 60MVA supply points; probably it had only one to begin 
with and then grew. 

Considering the definite scheme, the paper by Dr. Grimsdale 
and Mr. Sinclare shows how accurate the original design 
engineers were. The point made by the authors, that their 
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scheme showed a smaller number of cables coming out of each 
substation, is correct, but it ignores the question of security of 
supply; possibly the original engineers put in more cables for 
that purpose. 

In Mr. Knight’s paper, the technique described is very useful 
as an occasional check that the design engineer is doing his job 
accurately. I admire the way in which the author has written 
into his programme how to overcome the wayleave difficulty, 
but cannot a programme be written which states that lines must 
be whole numbers, or does that require too large a computer? 

Has the author carried out any basic design? That is where 
the technique can be most useful. We all know the arguments 
about connecting two substations, i.e. two separate supply points, 
designing them either as an interconnected system or as radial 
feeders not interconnected. Has the author investigated this 
problem to see which is the more economic, both from the 
point of view of starting from scratch and starting from either 
system and then reinforcing it, in order to find which is the 
more economic, including incidence of expenditure in the final 
comparison. 
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Mr. G. S. Buckingham: I think that the tools described in th 
paper are going to enable us to design our future distributio: 
and transmission networks much more accurately and consis 
tently. We should not be too critical of what is being done 
It may be true that good designers, using their intuition as we! 
as their skill, will for some time be able to compete with thes 
non-intelligent machines, but it will not be long before com 
plicated networks will require their assistance. We shoul 
encourage their use in every way from now on. 

I would support Dr. Aylett in his reference to investmen 
policy. Present designs are based on an, a.d.m.d. of 3kW 
Nowadays, with floor warming developing rapidly it is possibl 
to have a figure as high as 15kW; all floor-warming circuit 
are time-switch controlled and can come on together withou 
diversity. It is therefore necessary to sound a warning i 
digital computers are to be used to produce minimum design 
very close to average present-day requirements. It is importas 
that our investment policy should include a certain amount o 
‘fat? in our system, so that we may provide some future capacit 
for posterity in the same way as our forerunners did for us. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Dr. R. L. Grimsdale and Mr. P. H. Sinclare (in reply): In 
reply to Mr. Egginton, the method does, in fact, include tests 
for different numbers of substations, as can be seen from Fig. 4. 
For the estate in question, the case of five substations is taken 
in order that a comparison can be made with the expertly 
designed network which also used five substations. 

The method of choosing the substation sites suggested by 
Mr. Egginton does not appear to take into account the possibility 
of non-uniform load density and would not be satisfactory for 
certain estate shapes. 

The ribbon-development type of estate referred to by Mr. 
Wensley is interesting and, in fact, led to the use of the boundary- 
division method for choosing the starting-points. The square- 
fitting method would probably work in most cases, but under 
these circumstances the final size of the squares would be small 
and they might be all at one end. However, the iterative process 
would then distribute the sites uniformly. 

We agree with Mr. Sheppard that it would be necessary to 
employ a computer on other work besides estate design. If for 
no other reason, the time used for estate designs for the whole 
of England and Wales using a computer like the Mercury would 
be less than five weeks per year, and using a faster machine 
under construction, the total time would be about one day. 
The savings obtained in this time would make a valuable con- 
tribution towards the operating expenses of the computer. 

The choice of a suitable a.d.m.d. is a matter of engineering 
policy. The particular value chosen in the example is the same 
as that used when the estate was manually designed. It is a 
trivial matter to change this value as it is only a parameter of 
the programme. Indeed, it is very easy to estimate the extra 
cost of using an a.d.m.d. in excess of established practice. 
The provision of extra outlets from substations can be dealt 
with in the same way. 

Mr. U. G. W. Knight (in reply): Mr. Warren has pinpointed 
one of the present weaknesses of the suggested method, i.e. the 
basic design philosophy is, in practice, fixed when the design 
equations are written. Thus the possibility of teed transformers 
was not permitted (unless the tee points were at one of the load 
points) nor was the possibility of a design with the omission of 
one voltage transformation. If one assumes that a mixed net- 
work (e.g. 275/132/33kV and 275/33kV) is not desirable the 
problem is then of finding the cheapest way to satisfy the system 
requirements for the alternative design methods and not of 


obtaining a design with every possibility permitted initialls 
This makes the problem easier and would, in fact, be a solutic: 
on the lines suggested by Mr. Miles, who proposes a compre 
hensive comparison of optimum schemes each based on a di 
ferent set of tentative parameters. 

Even so, this, or the basic design work suggested by M 
Dreyfus, requires the writing of design equations for a 2-voltage 
level network, and this seems considerably more difficult that 
the examples quoted. This is because one is then invariabl 
dealing with circuits of differing capacities. Take, for instance 
the design equations necessary for a proposed network to supp? 
a number of 33 kV load points with loads between, say, 10 an 
25 MVA from a supply source by a network of 132 kV circuit: 
45MVA 132/33kV transformers and 20MVA 33kV circuits 
For a load (at one substation or a group of substations) e 
25 MVA and with the frequently accepted standards of security 
the minimum 33k¥V cable/transformer combinations permissibl 
would be as follows: 


Number of cables Number of transformers 


3 0 
2 1 
1 Ds 
0 z 


This can be formulated algebraically provided that one can sa 
where the first transformer (if any are to be provided at all t 
this particular substation or group) is to be sited, which is n 
difficulty for the single substation constraint but appears t 
involve an arbitrary singling out of one substation from a grou 
of substations. 

Mr. Egginton states that a computer has no intelligence 
neither has it, and this perhaps amounts to the same thing i 
many cases, any appreciable past experience. I have felt the 
the method is very ‘heavy handed’ in that every possibilit 
within the initial problem statement is permitted. On the othe 
hand, a system design engineer has an overall perception of th 
problem and much past experience which enables him to produc 
a near-optimum or optimum network topography at sho: 
notice but also an inability to produce more than a limite 
number of solutions. 

In reply to Mr. Wensley the irrational case should not cau: 
difficulty, again since every possible system of connections 
permitted. I do not think very much subsidiary informatio 


‘yan be obtained during the actual solution of the design equa- 
ons. On the other hand, analysis of a computer design should 
‘roduce information of value in subsequent designs. 

“)) Mr. Berrie’s suggestion that the method provides a template 
Hgainst which to judge schemes is valuable. The checking of 
bumbers of circuits into every possible group of substations is 
“bviously an alternative, although somewhat approximate, to a 
‘Jad-flow solution when examining an existing network or 
jlesign. The non-linearity of cost and number of circuits with 
‘Plouble-circuit lines can, it is hoped, be tackled in two ways. 
‘Constraints can be added which will ensure either 0, 2, 4, etc., 
i bircuits between pairs of substations, and the problem remains a 
{ near programme for which an integer solution can be obtained. 


\Mlternatively, the function can be written 


2a(2 — p;; ;— 1 
ee eae re 


ic. 1 line to a dic. 2 line and Dij< 2. This is now a quadratic 
programme. A non-integer solution can be obtained by known 
‘methods, but experience on another problem has shown that the 
storage difficulty is greatly increased. 

) Mr. Taylor’s ad hoc approach is interesting and may well offer 
| 2 worth-while alternative. I imagine that, if a programme for 
generating the feasible configurations were available, extension 
to, say, 2-voltage-level design would be easier than with the L.p. 

“method. 

' Mr. Bird comments on the desirability of considering the 
“local development in the context of the whole system and of 
4 existing assets. This broader consideration might well resolve 
into a comparison of a small number of optimum designs, each 
based on different sets of power sources or alternatively a 
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2-voltage-level design. One of the difficulties with the inclusion 
of existing assets is the writing of equations which permit the 
diversion of an existing circuit into a new substation. This is 
possible as shown in Fig. B, where an artificial substation is 
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Fig. B.—Extensions to existing network. 


Existing circuit. 

----— Paths for new circuits. 
© Existing substation. 
© New substation. 

@ Artificial substation. 


Pin = 1 Pant < 1 
P2x = 1 Pan2 <1 
Pani = Pxn2 


=... + CinPin + ConPom + ContPani + Can2P2n2 + CniPni +++ 


assumed at a point on an existing circuit run with the best access 
to a new substation. 

Dr. Aylett and Messrs. Dreyfus and Buckingham mention 
the importance of including the incidence of expenditure. In the 
paper I adopted the view that the design is required to meet a 
specific set of estimated load conditions. Rather than attempt 
to formulate the problem with variable loads, and as an alter- 
native to dynamic programming, J think again that a comparison 
of a number of solutions based on specific intermediate sets of 
loads might be of value. 


DISCUSSION ON 


‘A METHOD OF MEASURING SELF-INDUCTANCES APPLICABLE TO LARGE 
ELECTRICAL MACHINES’* 


Before a Joint Meeting of the MEASUREMENT AND CONTROL, SUPPLY and UTILIZATION SECTIONS Sth January, 1960. 


Mr. D. H. Thomas: From an educationalist’s viewpoint the 
paper is of great fundamental interest, and I hope that experi- 
ments based on this method of measurement will be incorporated 
in laboratory teaching. Fig. 6 showing an inductance variation 
with time is initially confusing until it is realized that the true 
independent variable is current, and that the current varies with 
time. I would like to have more details of the timing device 
for calibration, mentioned in Section 2.2. 

Mr. S. Rudzinski: I would like to describe briefly a method 
of measuring the in-phase and quadrature components of an 
admittance over a certain frequency range. As the admittance 
components are determined directly, and not as a function of 
the admittance angle 0, the percentage accuracy of the measure- 
ments is maintained even when cos @ or sin 8 approach zero. 

The apparatus, developed at Imperial College under the super- 
vision of Dr. Morris, was used to obtain frequency-response 
curves of a machine, from which an equivalent circuit of the 
machine was subsequently synthesized. The method, illustrated 
in Fig. A, employs a null technique, and consists essentially in 


Fig. A.—Illustrating a method of measuring the in-phase and quadrature 
components of an impedance at variable frequency. 


SM. Schrage machine. 
Ri, R2 10-kilohm 4-decade resistance boxes. 
Amplifier of unity gain. 
r. A standard resistor. 
Z. Unknown impedance. 


balancing two variable-magnitude voltages, mutually displaced 
by 90 electrical degrees, against the voltage drop across a known 
resistance r. The 2-phase supply is obtained from three brushes 
of a 2-phase Schrage machine as described elsewhere.t The 
magnitude of each brush voltage is constant and independent of 
frequency, but two 4-decade resistance boxes, R, and R,, allow 
each voltage to be varied. The outputs of the decade boxes, 
reversed in phase by means of an amplifier A, are added to the 
voltage drop across the resistance r, and the resultant voltage is 
displayed on a cathode-ray oscillograph. Under balance con- 
ditions the outputs of the two decade resistances are equal and 
opposite to the two components of the voltage drop across the 


* PrescoTt, J. C., and EL-KHARASHI, A. K.: Paper No. 2871 M, April, 1959 (see 
106 A, p. 169). 
t Morris, D.: ‘A Phase-Calibrated Variable-Frequency Supply for the Testing 


of Servo Mechanisms’, Proceedings I.E.E., Paper No. 935 M, February, 1950 (97, 
Part II, p. 37). 


resistance r, resolved along the directions of the two suppl 
voltages, and the fundamental-frequency voltage disappears fror 
the oscillograph screen. The admittance components of th 
impedance Z can be obtained in terms of the resistance r an 
the settings of the two decade resistances, and thus they do no 
depend on any meter readings. The accuracy of measurement 
of the order of 0-1°%, but when a large amount of noise i 
present a tuned filter has to be included in the detecting circui 
and the oscillograph can be replaced by an electronic wattmete: 

Professor J. C. Prescott and Dr. A. K. El-Kharashi (in reply) 
As Mr. Thomas points out, the inductance measured at th 
terminals of the circuit is a function of time because it is 
function of a system of currents which are varying with time 
for this reason we labelled the ordinate of Fig. 6 ‘apparen 
inductance’. 


FIELD 


| ARMATURE 


ELECTROSTATIC 
VOLTMETER 


TIMING CIRCUIT 


Fig. B.—Measurement of the apparent self-inductance of an 
armature as a function of time. 


Fig. B shows the arrangements used to obtain the variation c 
the armature flux linkages with time which is presented in Fig. § 
The time delay is defined by the discharge of a condenser whic 
controls the grid voltage of a thyratron. A variable RC gri 
circuit was used to give the required range of time delay. Th 
Post Office relay in the anode circuit of the thyratron operate 
switch $2. 

The double-pole switch S, is closed first, and the curren 
flowing through the armature and indicated by the ammeter ) 
is adjusted to the required value. To obtain the armature flu 
linkages under actual conditions, the current in the field circu: 
is also adjusted to any desired value. Since the relay coil is ne 
energized, S, is in position (a) short-circuiting the fluxmeter, 
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if, Circuit on the left is inserted in place of the bridge. 
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The bridge circuit and the grid battery circuit are then opened 


simultaneously by switch S,. When the grid voltage, now con- 
trolled by the RC network, reaches the striking value, the 
_thyratron ignites and energizes the operating coil of the Post 
Office relay, which, in turn, changes over S, from position (a) 
'to (6). The fluxmeter will therefore read 
the armature flux linkage at the instant when it is connected 
across the shunts Rc and Rc and its final steady value; this 
gives M, in Fig. 2. Switch S; is then opened to extinguish the 
thyratron discharge and the test is repeated for other time delays. 


the difference between 


; To measure the time delay of the RC circuit, the calibrating 
When S, 
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is opened time elapses before the relay moves from position (a) 
to position (b) during which the condenser C discharges through 
the two resistors R, and R,. The time delay is then given by 
(R; + R2)C log. Vi/V;, where V; and V; are the initial and final 
voltages across the condenser. 

Mr. Rudzinski describes a powerful method of measuring 
loss and apparent self-inductance as a function of frequency. 
From his results it would be possible to calculate the time- 
constant of a circuit at any frequency, but what is usually required 
in the case of large machines is the relationship between self- 
inductance and time. This is obtained directly by the method 
which we have described. 


DISCUSSION ON 


‘ELECTRICAL MATERIALS AND COMPONENTS FOR AIRCRAFT POWER 
EQUIPMENT OPERATING AT HIGH TEMPERATURES’* 


Mr. J. J. Lee (communicated): An appraisal of materials 


| which I understand was made at the very latest some time in 1958 

could not be entirely relevant for publication about a year later. 
) As far as aluminium as a conductor material is concerned, the 
' statements made appear to have been in error even at that time. 


The references to aluminium and its alloys seem ambiguous. 


' Does the author imply that the mechanical strengths of these 


materials fall below some arbitrary minimum or that the tensile 
strengths diminish more rapidly than copper? And what type of 


' copper is the author considering? Copper conductors in insu- 


lated cables are generally annealed; it therefore seems relevant 
to compare copper in this condition with aluminium and alumin- 
ium alloy. Aluminium may have a tensile strength which is 
insufficient at the higher temperatures, but an aluminium-alloy 
conductor has adequate strength. 
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Fig. A.—Effect of elevated temperatures on tensile properties of 
conductor materials. 


Fig. A shows the tensile properties of an aluminium alloy 
which is already being used as a conductor material, together 
with those of aluminium and annealed copper, but why does the 
author place paramount importance on tensile properties? Pure 


* McKENzE, D. B.: Paper No. 2912 U, August, 1959 (see 106 A, p. 321). 


aluminium, although of relatively low strength at elevated 
temperatures, has been operating successfully. 

For anodized-aluminium wire, reference is made to maximum 
operating temperatures of 300°C. Coils wound with this wire 
have operated continuously and satisfactorily at temperatures in 
the region of 500°C: porosity of the anodic film is not a draw- 
back in many applications, particularly at very high temperatures, 
and with a suitable support this is one of the few materials that 
will withstand 400—500° C. 

The author’s views on aluminium cable terminations are 
surprising. These were originally produced in this country in 
accordance with M.O.S. Spec. R.D. Inst. (ELE) 147 issued in 
1946. This was reasonably satisfactory for copper terminations, 
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Fig. B.—Effect of sustained load and temperature cycling on joint 
resistance of cable terminations. 
Cycle Details.—30 min heating, 30min cooling. During heating period ambient 


temperature was 50°C plus that due to load current. Maximum temperature, 90°C. 
During cooling period ambient temperature fell to 30°C. 
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but the aluminium terminations have caused some trouble, due 
mainly to their bad design. I feel that it is on the performance 
of these terminations that the author bases his views. The 
Aluminium Development Association was first aware of their 
shortcomings in 1957 and immediately collaborated with several 
companies to determine the cause of failure of existing designs 
and to establish criteria for satisfactory designs. 

Work has been conducted at a temperature of 90° C, and well- 
conceived designs incorporating a long hexagonal compression 
joint have proved to be satisfactory, as indicated in Fig. B. 

I understand that since this programme was completed another 
company has been conducting some tests at 130°C which have 
also proved satisfactory. The Ministry of Supply has produced 
Technical Note EL154, which deals with tests on aluminium 
cable terminations and has made suggestions for good designs. 
Well-designed aluminium terminations are now commercially 
available. 

The aluminium industry must view with the greatest concern 
the author’s serious and damaging statements made in the light 
of conclusive evidence to the contrary. 

Mr. D. B. McKenzie (in reply): In reply to Mr. Lee’s comments 
on the use of aluminium on high-temperature aircraft equipment, 
his curve in Fig. A shows clearly that at 200° C the tensile strength 
of aluminium is 4 tons/in? less than that of annealed copper. 


> 
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That of aluminium-magnesium alloy at 200°C is about 1-5 
tons/in? less than annealed copper, but annealed copper would 
not be used in any stressed electrical part of a component at high 

temperatures. As far as cables are concerned, they can be 
considered as unstressed parts, and, as such, aluminium will be 

satisfactory at, say, 200° C, but the terminations are the problem. 

It is agreed that the ‘extended’ aluminium lug suggested by the 
Aluminium Development Association is an improvement over 
the original type. For temperatures in the region of 100°C 
this appears to be the solution, and Fig. B supports this. There 
is, however, still too little experimental evidence and particularly 
flight experience to convince an aircraft engineer that aluminium 

cables and aluminium lugs at high temperatures will be satis- 
factory, but this information is being gathered together. 

I agree that anodized-aluminium winding wires have been used 
very successfully in certain electrical applications, but on aircraft 
a wire whose insulation is porous is unacceptable unless it 
can be completely impregnated to prevent ingress of moisture. 
All aircraft spend much of their life on the ground under condi- 
tions of high humidity. Coils, consequently, become damp 
and this results in corrosion. aM 

In reply to Mr. Lee’s initial comment, the date of submission 
of the paper was 2nd December, 1958, and to the best of my 
knowledge it was up to date at that time. 


DISCUSSION ON 


‘SUPPLY-VOLTAGE AND CURRENT VARIATIONS PRODUCED BY A 60-TON 
3-PHASE ELECTRIC ARC FURNACE”™* 


Mr. G. J. Caplen (communicated): At the time this furnace 
transformer was manufactured it was approximately twice the 
size of the largest then built in this country, and the first with 
on-load tap-changing. In addition, the supply to the trans- 
former was a temporary system pending extensions to the 
network, which have since taken place. All these factors had 
an influence on the design of the transformer. On smaller 
transformers it is usual to put the taps on the h.v. winding of 
the main transformer, but if that had been done in this case 
the following difficulties would have arisen: 


(a) Equal number of turns per tap would not have given equal 
voltage per step on the l.v. winding. 
(b) Severe over-voltages would have occurred in the h.v. winding. 


(c) The operation of the tap-changer would have been more 
difficult. 


The actual arrangement used has two 3-phase units mounted 
in the same tank, one being a fixed-ratio main furnace transformer, 
whilst the other supplies it with a variable voltage. The inter- 
mediate voltage of 25kV maximum was chosen to give the most 
efficient operation of the tap-changers then available. Since 
1954, we have manufactured seven furnace transformers to a 
rather more economic variation of this arrangement, which is 
shown in Fig. H. The sizes varied between 12.5 and 20 MVA, 
and the supply voltage was 33kV in all cases except for the 
second furnace at this installation, where it is 66kV. 


* ROBINSON, B. C., and Winper, A. I.: Paper No. 2456 U, December, 1957 (see 
105 A, pp. 305 and 578 and 107 A, p. 96). 
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With regard to Mr. Care’s suggestion of reactors controlling 
the voltage, this would be much dearer and less satisfactory in 
operation. I am not sure which winding Mr. Edwards wants to 
make inter-star, but it would certainly be much more expensive, 
and the mechanical strength of the transformer would be reduced. 
Several speakers have suggested obtaining supplies from 132 or 
275kV. Iam doubtful of the economics of this at 15 MVA, but 
on larger sizes we have suggested combining the regulating unit 
with the Grid transformer. This effectively saves a transformer 
and should prove very economic where a single large unit is 
installed. It may be less economic, however, where a number 
of furnaces could be supplied from one Grid transformer. 

Dr. B. C. Robinson and Mr. A. I. Winder (in reply): We 
should like to thank Mr. Caplen for his remarks on the design 
of furnace transformers and for amplifying points in our reply to 
the discussion at Birmingham. 


irst time, an analysis of the various combinations of phase- 
€quence quantities and serves to show that certain combinations 
‘ire quite unsuitable for use as relaying quantities. The scope 
pt the investigation covers omngte shunt-fault conditions on a 


f Essentially the paper calculates current at the point of fault 
or various shunt-fault conditions and expresses this current in 
herms of relaying quantities for various summation devices. 
relationship between the total fault current and the fault 


it Piately obvious, since these Contents are identical only for the 
condition of single infeed with one circuit-breaker open. The 
icatio J,,//; must be identical in phase and magnitude for all 
\three sequence currents for the method of analysis to be rigorous 
‘for the power system of Fig. 2. In general [4 /J¢; =Ipy/Ip> 4 
TroxlIro, so that, where the relaying quantity includes Jp, the 
‘method of analysis will contain anerror. It might reasonably be 
assumed, however, that this unbalance will produce low output 
in one relay only, which can then be investigated as a single 
‘infeed condition after tripping has occurred at one end. 

A eat rigorous analysis requires an investigation of the 
‘tatio ) br VAL! mil / Oy to determine relay performance, par- 


ticularly with more complicated types of fault on larger systems. 
The authors’ analysis indicates that the most satisfactory 
| phase-sequence network arrangement for the conditions investi- 
gated is the J,, = MI, — NIJ, combination, and a further 
analysis of simultaneous shunt and series fault conditions on a 
double-circuit line might provide further valuable information. 
The inherent limitation of summation-transformer output on 
_resistance-earthed systems is shown clearly, although for the 
‘solidly earthed system, where Ro/X; is rarely greater than 0-25 
3 for high values of earth-electrode resistance, it would 
appear that the summation transformer provides a reliable 
relaying output in an essentially simple manner for ail system 
| fault conditions; and this is borne out by practical experience. 
Mr. C. Adamson and Dr. E. A. Talkhan (in reply): It is time 
for the scope of investigation in the paper to be restricted to 
| single-fault conditions; however, these comprise the great 
majority of faults on power systems. A number of more 
complicated fault conditions have also been worked out, but 
‘it is very difficult at the present time to ascribe any generality 
to this work. The most profitable line which is being pursued 
in the Power Systems Laboratory of the Manchester College of 


 * Apamson, C., and TALKHAN, E. A:: Paper No. 3137 M, February, 1960 (see 
107 A, p. 37). 


af DISCUSSION ON 


‘SELECTION OF RELAYING QUANTITIES FOR DIFFERENTIAL FEEDER 
th PROTECTION’* 


Science and Technology is to use a transformer-analogue network 
analyser for the investigation of a wider range of double and 
multiple fault conditions. 

It appears from Mr. Rushton’s comments that he may be 
under a misunderstanding, in part, of the method adopted in 
the paper. The currents considered in the paper are J;; and 
Tyy at ends I and II, respectively; these currents are derived by 
normal analysis, assuming various shunt faults, but are quite 
independent of each other and are treated independently in the 
paper. In the ratio J,,/J-, Ip is merely a convenient way of 
defining 1p.u. fault current at the particular end under con- 
sideration; J,,/J- is thus the p.u. relaying quantity at either end 
defined as the ratio of the output (from a sequence network of 
predetermined parameters) to the phase-fault current J; at the 
same end. We disagree with Mr. Rushton that ‘the ratio J,,/I¢ 
must be identical in phase and magnitude for all three sequence 
currents for the method of analysis to be rigorous...’. In 
fact, as will be apparent from the foregoing, the quantity J,, 
is compounded of the positive-, negative- and zero-sequence 
currents at the end in question, in pre-chosen combinations, 
and may have any one or two of them absent, depending on the 
power system which is to be protected. In general, for protec- 
tion purposes, it is sufficient to investigate the worst boundary 
conditions and deduce the limitations and precautions necessary 
under these conditions; this has been the aim of the work 
described in the paper and, for that matter, in a previous one.® 
With this in mind, a completely rigorous analysis of the complex 
ratio J,,7 VAs [En 6,1, although of interest, is not really necessary. 


The difficulty is that there is no general system; it may be, 
however, that with a specific and more complicated power 
system it could be profitable to determine the complex ratio 
to assess P-relay performance under complicated fault conditions 
which are within the realms of engineering feasibility in the 
system being studied. Since there are an unlimited number of 
possible fault combinations, the work described in the paper is 
subject to endless elaboration, and some form of network 
analyser (the transformer-analogue network analyser is par- 
ticularly convenient) set-up is essential. 

We agree with the last paragraph of Mr. Rushton’s constructive 
comments, but would point to one clear-cut case where the sum- 
mation transformer is inadequate. This is the application where 
more than one output of different characteristics are required 
from the fault quantities of the power system. A good example 
may be taken from our earlier paper,® where a relaying quantity 
for modulation, J,,, = MJ, — NI,, was required independently of 
another output, for starting, which had to have different 
characteristics. 
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A General Method of Digital Network Analysis particularly suitable 
for use with Low-Speed Computers. Paper No. 3259S. 


M. N. Joun, B.Sc. 


The concept of digital solutions of many of the network analysis 
problems associated with the design and operation of electrical power 
systems is now generally appreciated. There is, however, little indica- 
tion of an increasing routine use of such methods in the United 
Kingdom, although many types of digital computer are now available. 
It is suggested that this is partly due to the fact that most of the 
existing programmes in this field employ techniques which have been 
prepared by skilled programmers for use with large high-speed com- 
puters, and digital analyses consequently tend to be restricted to the 
realm of special studies at computing centres. 

The paper describes the network theory, programme details and 
application of a general method of digital network analysis particularly 
suitable for use with low-speed computers. The method has been 
proved using both high- and lower-speed computers and the results of 
sample load-flow and short-circuit studies are discussed. 


A Survey of Street Lighting and its Future. Paper No. 3260 U. 
W. R. STEVENS, B.Sc., and H. M. FERGUSON. 


The accepted principles of street lighting are reviewed in conjunction 
with the requirements of the British Standard Code of Practice for 
Street Lighting. British and oversea techniques and standards are 
compared, and some important recent experimental work and installa- 
tions are described. These factors are used to assess the desirable 
trend of street lighting in the future. 


Brushless Variable-Speed Induction Motors using Phase-Shift Control. 
Paper No. 3262 U. 


Prof. F. C. WiiiraMs, O.B.E., D.Sc., D.Phil., F.R.S., E. R. 
LaiTHwaiTe, M.Sc., Ph.D., J. F. EasrHam, M.Sc., and W. 
Farrer, B.Sc. 


The paper describes a method of ‘pole-stretching’ for induction 
machines in which part of the stator windings are fed directly from 
the mains supply and part from phase-shifting transformers. Variation 
of the angle of phase-shifting enables continuous speed control to be 
effected. An experimental machine is described, the test results from 
which demonstrate that speed control with constant efficiency can be 
obtained over a speed range of 1-6: 1. The limitations on the range 
of such machines imposed by the necessary condition that the stator 
be discontinuous are discussed, and a method of extending the speed 
range is then described. Machines of this type may be designed to 
run with a number of discrete synchronous speeds, in which case no 
phase-shifting transformers are necessary and speed change is effected 
by external switches only. The historical link between this type of 
machine and the spherical motor is outlined. 


Investigation of an Electrical Non-Destructive Method of Measuring the 
Coe of Surface Hardness in Flame-Hardened Steels. Monograph 
o. 372 M. 


J. A. Betts, B.Sc., Ph.D., and J. P. Newsome, M.Sc. 


At the present time there exist no established, non-destructive 
methods for the measurement of depth of hardness in surface- 
hardened steels which are independent of the effects of chemical 


composition and quench procedure. Electrical non-destructive 
methods are dependent upon changes in the electrical and magneti 
properties of steel which occur when it is hardened. 

The electrical method investigated by the authors was an a.c. one 
based upon the measurement of the complex impedance of a searcl 
coil magnetically coupled to the test surface. Distinctly favourabl: 
results were obtained, and the paper is concerned with the theoretica 
and practical aspects of the procedure. 


A New Form of the Tensor Equations of Electrical Machines. Mono 


graph No. 378 S. 
G. S. Brosan, Ph.D., B.Sc.(Eng.). 


Previous tensor methods applied to electrical engineering systenu 
have been based on Lagrange’s equations, which are not alway: 
suitable for non-holonomic systems. As a consequence, the definin: 
equations lose much of their simplicity and the component terms = 
the equations may no longer be tensors. ei 

The paper presents a new set of equations based on the princip* 
of least curvature. These equations are suitable for both holonom« 
and non-holonomic systems, and their application is shown bs 
examples. 


Electric and Magnetic Images. Monograph No. 379. 


P. HaAMMonp, M.A. 


The method of images as applied to electrostatic, magnetostatic an< 
electromagnetic fields is investigated. By considering the uniquenes: 
of the field it is shown within what limits the method can safely t& 
used, and rules are given for its use. The application of the methec 
is illustrated by a discussion of the electric field near a cylindrica 
cathode and the magnetic field near the end-windings of electrica 
machines. 


Equivalent Circuit and Evaluation of Eddy-Current Loss in Solid Core 
subjected to Alternating and Rotating Magnetic Fields. Mono 
graph No. 385 U. 


N. KESAVAMURTHY, M.A., B.E., M.Sc., and P. K. RAJAGOPALAM 
B.E., M.S., Ph.D. 


In the study of eddy-current distribution in solid cores subjected tc 
a pulsating or rotating magnetic field a general two-dimensiona 
current distribution exists and is created by a magnetizing windin; 
that restricts the current flow through it in only one direction. Unde: 
such situations, the method of evaluation of the equivalent impedance: 
of the system as a whole is difficult to visualize and has not so far bee: 
attempted in the literature. Such an evaluation calls for a concep 
of the power factor of the magnetizing winding. This is the specia 
feature of the paper. 

The paper further examines the usefulness of this concept for the 
evaluation of eddy-current loss in solid cores and thus offers ar 
alternative method. 

To give greater concreteness to several of the formulae deduced i 
the paper, these are applied to compute the performance characteristic 
of a solid-rotor induction machine and certain conclusions are drawn 


An Analytical Method for Predicting the Performance of Semi-Enclose: 
Fuses. Monograph No. 3875S. 


CoLin Apamson, M.Sc.(Eng.), and M. VisEsHAKUL, M.Sc.Tech. 


An analysis has been made and a design procedure established fo 
fuses other than those using round wire and with, or without, « 
restricted cross-section for part of the fuse length. Fuses of restricte: 
section are, however, the major interest since they may be used t 
give different current/time characteristics by varying their dimensions 
These different characteristics may be predicted accurately by th 
method indicated in the paper. In all the cases of semi-enclosed tin 
strip fuses investigated in this way very close agreement betweet 
predicted and experimental results has been obtained. 
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